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CHAPTER I 
INTRODUCTION 


A 


1. Uses for and Classes of Radio Receivers 


Transmission of intelligence by radio is based on modulation. 
Modulation is a process by which the message to be transmitted 
is superimposed at the sending end of a radio link as a modu- 
lating signal (or simply, the signal) on a strong carrier wave, 
thereby changing the latter’s amplitude, frequency or phase. The 
modulated carrier is radiated by a transmitting aerial as a wave 
of electromagnetic energy which propagates through space at the 
velocity of light. 

At the point of reception, the modulated wave is picked up 
by a receiving aerial and is fed to the receiver input. In the 
receiver, the signal is separated from the radio-frequency carrier 
and drives the receiver load, which may be a speaker, a recor- 
der, a cathode-ray tube, etc. 

As an electromagnetic wave travels away from the transmit- 
ter it is weakened, or attenuated. This is why radio receivers 
should be capable of picking up relatively weak signals. 

Uses for Radio Receivers. At present, radio serves a variety 
of purposes, such as communication, broadcasting, navigation, 
radar, and telecontrol. 

Radio communication is the transmission and reception of 
messages without wires or waveguides. It includes communica- 
tion by radio telegraph, radio telephone, radio teletype-writer, 
radio facsimile, and television. It is the only method of com- 
munication between stationary and mobile objects (such as from 
ship to shore, from ground to aircraft, from ship to ship, or 
from aircraft to aircraft, and more recently from ground to 
satellites or from satellites to ground, and between satellites, 
known as space communication). 

Radio broadcasting is radio transmission for general reception, 
including speech, music and commercial television. 
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Radio navigation is the use of radio facilities for determining 
the position or direction or both of ships or planes. 

Radar (which is an acronym for Radio Detection and Ran- 
ging) is a technique for determining the range and bearings of 
objects (usually called targets) by the transmission of beamed 
high-power signals against reflective targets, the reception of 
the reflected signals, and the presentation of the resultant data 
on a dial or a cathode-ray display. Radar may be used for 
marine navigation, gun (fire) control, earth surveillance from 
the air, etc. 

Telecontrol is a technique for control of machinery by radio. 

Classes of Receivers. There are (a) communication and (b) bro- 
adcast receivers. 

Communication receivers are used in point-to-point radio tele- 
phone and telegraph service, radio navigation systems, and radar. 

Broadcast receivers are used for the reception of sound and 
visual programmes intended for the general public. 

Communication receivers are usually classed according to ope- 
rating principle, wavelength (or frequency), type of service, type 
of modulation, type of installation, and range of operation. 

According to the operating principle, there are tuned radio- 
frequency (TRF), regenerative, superregenerative, and superhe- 
terodyne receivers. 

According to wavelength (or frequency), there are long-wave 
(low-frequency), medium-wave (medium-frequency), short-wave 
(high-frequency), and ultra-short-wave (VHF, UHF, SHF, 
etc.) receivers. It may be added that although the trend has for 
some time been to drop the “wave” terms in preference to the 
“frequency” terms, the former are still in use in the Soviet 
literature on the subject. 

According to the type of modulation, there are amplitude- 
modulated (AM) and frequency-modulated (FM) receivers. 

According to the type of installation, there are stationary 
and mobile receivers. 

According to the range of operation, there are long-distance, 
medium-range, and short-range receivers. 


Review Questions 


1. How is intelligence transmitted by radio? 
2. What are the functions of radar? 
3. What is the function of communication receivers? 
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2. Receiver Characteristics 


The characteristics of importance to any receiver are: power 
output, output voltage, sensitivity, selectivity, bandwidth, fre- 
quency range, and fidelity. 

Power Output and Output Voltage. The power output of 
a receiver is the power delivered to its load. It varies with the 
type of load which may be a speaker, a telegraph printer, an 
automatically controlled device, etc. 

In television and radar receivers, in which a cathode-ray tube 
is the load, output voltage is specified instead of output power. 
Receiver output voltage usually ranges from a fraction of a volt 
to a few tens of volts. 

Sensitivity. The sensitivity of a radio receiver is defined as 
the strength of the signal at its input required to produce 
a normal test output (which is a specified power at its load). 
The smaller the required input signal, the higher the receiver 
sensitivity. Sensitivity is expressed in microvolts. 

For receivers (mainly, transistor) with built-in ferrite aerizls 
the sensitivity is defined in terms of the minimum field inten- 
sity at the point of reception that produces the normal voltage 
applied to the load, and not in terms of the input signal. The 
sensitivity is then expressed in millivolts per metre of effective 
height of the aerial. 

The sensitivity of a receiver is decided by the properties of 
each of its stages, but can be fully realised only if receiver 
noise at the output is lower than its signal. The signal-to-noise 
ratio specified for a particular type of receiver varies with the 
nature of the signal to be received. 

Bandwidth and Selectivity. The signal arriving at the input 
of a receiver contains a spectrum of frequencies which are due 
to modulation at the sending end. The width of the frequency 
spectrum is different for different types of modulation. An AM 
(amplitude-modulation) transmitter radiates the carrier frequency, 
jf), and a whole gamut of what are called side frequencies, or 
side bands which extend from fy>—Fmax to fo + Fmax- Together, 
they make up the bandwidth of the transmitter. As is seen, in 
amplitude modulation the bandwidth is 2F,,,,. In wide-band 
frequency modulation, the bandwidth is mainly determined by 
the frequency deviation Af,,,, and is equal to 2Afn,;. 

Among other things, a good receiver should be capable of 
receiving the signal along with its side bands. In other words, 
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it should perform satisfactorily within that band of frequencies, so 
that the natural relations between the amplitudes of the consti- 
tuent frequencies will remain undistorted. This can be obtained 
only if a receiver has a constant sensitivity over that band, 
called its bandwidth. 

On the other hand, a receiver should be able to discriminate 
against signals of frequencies differing from that of the desired 
signal. This is called the selectivity of a receiver. 

The ideal selectivity, or response, curve (also called the reso- 
nance curve) is shown in Fig. 1.la. A receiver with such a res- 
ponse curve, when tuned to a transmitting station, would readily 
pass the intelligence transmitted and reject all other signals. 

The ideal response curve, however, is impossible to produce 
in practice. Normally, practical receivers have the sort of res- 
ponse shown in Fig. 1.16. At fẹ is the resonant frequency of the 
receiver tuned circuits. The amount off resonance, Af, is laid 
off as abscissa, and the ratio of the signal at a given frequency 
off resonanee to the signal at resonance, Y, as ordinate. 

As is seen, the frequencies removed from resonance contribute 
less and less to the signal. The band of frequencies which are 
still important to faithful reproduction of the signal make up 
the radio-frequency (r. f.) bandwidth of a receiver. The limiting 
frequencies are. usually defined for a specified value of the 
ratio Y. In Fig. 1.16, the bandwidth is for Y =0.7. 

The response curve provides a basis for comparison of recei- 
vers from the view-point of their selectivity. The smaller the 
ratio Y at a given amount off resonance, the weaker the signal 
at that frequency, and the greater the desired signal. For com- 





Fig. 1.1. Selectivity or response curves of ra- Fig. 1.2. Resonance curves 
dio receivers of various oscillatory sy- 
stems with similar band- 

width 
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munication and broadcast receivers the selectivity is specified at 
10 kilohertz off resonance, because carrier frequencies are spaced 
that amount apart by international agreement. In Fig. 1.10, 
Y,=0.1 (20 db down) shows that the signal from an adjacent 
station is only one-tenth in strength compared with the desired 
signal. In modern communication and broadcast receivers, adjacent 
frequencies are attenuated from 10 to 1000 times (from 20 to 
60 decibels down). 

A wide bandwidth and a high selectivity are conflicting 
requirements— widening the former impairs the latter, and vice 
versa. A sort of balance between them can be struck by making 
the response curve approach the ideal square one. 

Figure 1.2 shows the response curves for various types of 
r. f. circuits. They all have the same bandwidth at 0.7 level, or 
between 3 db points. Outside the bandwidth, however, they differ 
in slope. Obviously, there must be an additional criterion for 
comparison of these circuits. Such a criterion is the bandwidth 
ratio (or relative bandwidth), defined as the ratio of the bandwidth 
at the frequency of interest to that at 3 decibels down 


K pw = 2Af/2Afsav = Af/Afsav (1.1) 


It is usual to specify the ratios of the 20-db and 40-db 
bandwidths (between 0.1 and 0.01 points, respectively) to the 
3-db one (at 0.7 level) 


K bw20db ~ Af 20db/ Af 3db 
and (1.2) 


K gwaoav = Af aoav/ Af san 


The closer the value of K,, to unity, the closer the response 
curve is to a square (ideal) one. Of the three resonance curves 
shown in Fig. 1.2, curve / comes closest to the ideal characte- 
ristic and has the lowest value of Kew. 

Fidelity of a Radio Receiver. This is a degree with which 
a radio receiver reproduces at its output the envelope of the 
modulated wave applied to its input. 

The signal picked up by the receiver aerial goes through 
a succession of circuits which contain linear and non-linear ele- 
ments. These elements cause distortion to the signal, so that 
a fully faithful reproduction is unfeasible. 

Radio receivers are subject to frequency distortion, non-linear 
distortion, and phase distortion. 
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Frequency distortion is due to non-uniform amplification over the 
bandwidth of the receiver. This upsets the natural relation bet- 
ween the amplitudes of the harmonics contained in the compo- 
site signal. Frequency distortion is expressed in terms of the 
frequency distortion factor which shows how much the signal is 
attenuated at the boundary of the bandwidth. 

In the selectivity curve of Fig. 1.16, the distortion factor 


M= Foniy nak 


shows how much the signal at the limiting frequency of the 
bandwidth is attenuated. 

The a.f. section of a receiver cannot provide for uniform amp- 
lification of the signal either. As a result, the signals at the 
limiting frequencies of the bandwidth may be attenuated appre- 
ciably. 

The attenuation of the upper frequencies in the signal may 
be as great as 50 per cent throughout a receiver. 

Non-linear distortion is due to the fact that on its way through 
a receiver the signal passes through circuit elements whose volt- 
ampere characteristics are not a straight line (valves, transistors, 
iron-cored inductors, etc.). Because of this, undesirable frequen- 
cies, not present in the input signal, might appear in the output, 
and its waveform might be distorted. 

Phase distortion appears as a result of upsetting phase rela- 
tions between the harmonic components of a non-sinusoidal signal, 
because of which the signal waveform differs from that of the 
input. 

Non-linear and phase distortions are dealt with in detail in 
Chapter II. 

Apart from the characteristics listed above, a radio receiver 
has to meet a number of requirements in respect to its const- 
ruction. These above all are size and weight, reliability, mecha- 
nical and electrical strength, and ease of control. 


Review Questions 


1. Define the selectivity of a receiver. 

2. Define the bandwidth of a receiver. 

3. Which circuits of a receiver control its selectivity (frequ- 
ency response)? 

4. Describe the ideal response (selectivity) curve. 
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5. List the circuit elements responsible for frequency distor- 
tion in a receiver. 
_ 6, List the circuit elements responsible for non-linear distor- 
tion in a receiver. 


3. Functional Units of a TRF Receiver 


A general idea about operation.of a receiver can be obtained 
by reference to its block diagram showing the various functional 
units. 

We shall begin with the straight or tuned radio-frequency 
(TRF) receiver whose block-diagram appears in Fig. 1.3. 

The input circuit of the receiver extracts the desired signal 
and attenuates other signals. l 

The radio-frequency (r.f.) amplifier amplifies the extracted 
signal and further attenuates the unwanted signals. The detector 
D converts the modulated radio wave into an audio-frequency 
signal. The detector may be a vacuum valve or a crystal diode. 

The audio-frequency amplifier builds up the audio-frequency 
signal to deliver the power output or output voltage necessary 
for the operation of the terminal equipment (load). 

A TRF receiver is not quite sensitive or selective, particu- 
larly on short and ultra-short waves. 

The bandwidth 2AF of a single tuned circuit and its quality- 
factor Q are related thus 


— to 
2AF = ¢ (1.3) 


where fẹ is the signal frequency. 


Af wave 





Fig. 1.3. Block-diagram of a TRF receiver 
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Fig. 1.4. Resonance curves of tu- 


ed circuits on different wave ; 
á bands f -AF 0 Af 


The Q-factor of the tuned circuit may be made almost cons- 
tant on all the bands. This will improve the bandwidth but the 
selectivity will be impaired. For instance, at /,=300 kilohertz 
and Q= 100, the bandwidth is 

300 


2AF war (a 3 kilohertz 


A tuned circuit possessing a similar Q at a frequency of 
fa = 30,000 kilohertz will have a bandwidth of 300 kilohertz. It 
should be noted that a TRF receiver has several circuits tuned 
to the signal frequency. Therefore, the selectivity and bandwidth 
of a practical TRF receiver considerably differ from the values 
indicated in the example. The example only gives a general idea 
of the cause for poor selectivity in TRF receivers. Actually, 
the selectivity in a commercial receiver is better and the band- 
width, narrower. However, on short and ultra-short waves the 
resonance curve of the receiver remains broad and the selectivity 
of the receiver is insufficient. Fig. 1.4 shows the resonance 
curves of tuned circuits on different wave bands. High selecti- 
vity and the required bandwidth may be obtained in superhe- 
terodyne receivers. 

TRF receivers are seldom used on short and ultra-short waves. 
Receivers of this type find some application in television, where 
a wide bandwidth is used. 


Review Questions 


l. Name the main disadvantages of the TRF receiver. 
2. What is the function of a detector in a receiver? 
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4. Functional Units of a Superheterodyne 
Receiver 


In a superheterodyne receiver, the incoming r.f. signal is 
amplified and converted to a signal at what is called the inter- 
mediate frequency. The i.f. signal is then amplified and detec- 
ted. Frequency conversion is effected in such a way that the 
envelope of the modulated wave is preserved. Since for any sig- 
nal frequency there is one and the same intermediate frequency, 
it is easy to build the i.f. circuits of the requisite bandwidth 
and high selectivity. The block-diagram of a superheterod yne 
receiver is shown in Fig. 1.5. . 

The aerial-input circuit and radio-frequency amplifier have but 
little effect on receiver selectivity on short and ultra-short waves, 
and only improve receiver sensitivity. 

The frequency changer consists of a mixer and a local oscil- 
lator. The latter is a low-power self-excited radio-frequency os- 
cillator which generates a signal at a slightly different frequency 
from the r.f. signal, fo 

Frequency conversion is obtained in the mixer which accepts 
two signals, the incoming r.f. signal fs picked up by the aerial, 
and the local-oscillator signal fọ The i.f. signal at the output 
3 is ee changer usually is a difference frequency, 

The intermediate-frequency amplifier operates at a constant 
frequency and amplifies the i.f. signal to the value required for 
the normal operation of the detector. Lf. amplifiers are usually 
band-pass amplifiers whose resonance characteristic is nearly rec- 


VRIE 
| 













RF signal Lt signal Af signal 


Fig. 1.5. Block-diagram of a superheter odyne receiver 
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tangular. In this way high selectivity can be obtained at uni- 
form amplification within the bandwidth. 

The remaining units (the detector and audio-frequency ampli- 
fier) operate in a superheterodyne receiver just as they do in a 
TRF receiver. 

In addition to high selectivity and sensitivity, superheterodyne 
receivers show better overall performance. 

The superheterodyne principle is the basis of modern receivers. 


Review Questlons 


l. What characteristics of a receiver are improved by frequ- 
ency conversion? 

2. What is the function of the i.f. amplifier? 

3. What is the function of the local oscillator in a superhete- 
rodyne receiver? 


5. Receiver Circuit Analysis 


In the study of various receiver circuits it is necessary to 
establish mathematical relations between the circuit parameters 
and express them as equations, convenient for calculation. 

Analysis of the amplifier stage has as its objective to estab- 
lish relationships between the voltages and currents at its output 
and input. 

These relationships may be presented either graphically by 
sets, or families, of input and output characteristic curves, or 
analytically by suitable equations. 

The graphical method is ordinarily used to establish the qui- 
escent (no-signal) operation of a stage component or element and 
also to investigate its large-signal operation. 

The analytical method is used in analysis of the stage opera- 
tion, its physical properties, and in the derivation of design 
equations from which one can calculate the parameters of the 
stage elements. 

In the general case, an amplifier stage may be represented by 
a network with two input and two output terminals (Fig. 1.6). 


4 A 
7 V, 
Fig. 1.6. A two-port 
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Such networks are called four-terminal networks or two-ports, 
each pair of terminals serving as a port. 

The physical properties of a two-port may be expressed in 
terms of four electrical quantities, input voltage v,, input cur- 
rent i,, output voltage v,, and output current i,. 

The four quantities may be related in the following way: 


I. Vy = Zui + Ziel | 
Us = Zab + Zale j (1.4) 
where v,, i, =input voltage and current of the two-port 
v,, i, =output voltage and current of the two-port 
zı = input impedance with the output port open (i, = 0) 
Z, = output impedance with the input port open (i, = 0) 
2,,=Treverse transfer impedance (that is, from output 
to input) with its input port ozen-circuited, such 
that the output current produces v, 
2,,=forward transfer impedance (that is, from input 
to output) of the network with its output port 
open-circuited, such that the input current pro- 
duces v,. 

These are the z-parameters of a two-port. Since they are de- 
termined with the input and output ports open-circuited and 
have dimensions of impedance, another name for them is the 
open-circuit impedance parameters. Sometimes, the impedances 
are pure resistances. Then, 


Zu= Ry 
fo, = Kay 
212 = Ri 
Zon = Noe 
II. Bute F thats | 
. 1.5 
by = Yor, + YV ( 5) 


where y,,=input admittance of the two-port with its output 

port short-circuited (v, = 0) 
Ya =0utput admittance of the two-port with its input 

port short-circuited (v, = 0) 
Y,a = reverse transfer admittance of the two-port with its 

input port short-circuited (v, = 0) 

Y.,=forward transfer admittance of the two-port with its 
output port short-circuited (v, = 0). 
These are the y-parameters of two-ports. Since they are deter- 
mined with the input and output ports short-circuited and have 
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dimensions of admittance, they are called the short-circuit ad- 
mittance parameters. 


II]. v, = hai + h0 } 
i, aa hai + hyo. (1.6) 


where h,,=input impedance of the two-port with the output 
port short-circuited (v, =0) 
h,,=output admittance of the two-port with its input 
port open-circuited (i, = 0) 
h,,=forward current gain of the two-port with its output 
port short-circuited (v, = 0) 
h,,=reverse voltage gain or voltage feedback factor of 
the two-port with its input port open-circuited (i, = 0). 

These are the h-, or hybrid, parameters, so called because of 
their scrambled nature — some are determined with the ports short- 
circuited, and the others with the ports open-circuited; some are 
dimensionless, one has the dimensions of an impedance, and one 
those of an admittance. 

The values of the network parameters can be found from the 
characteristic curves, measured with suitable devices, or taken 
from a data book, which is usually done in the case of tran- 
sistors. 

The choice of a particular set of parameters and related equa- 
tions is decided by the amplifying element on hand and by the 
objective of the analysis. 

One set of parameters can be converted to any other by refe- 
rence to Table 1.1, where 


A, = 231229 — Ziz 
Ay = YiYo2 — Y12421 (1.7) 
A, = 11/t22 —— Uy alley 

TAELE 1.1. 
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Before any of the parameter equations may be applied to a 
practical circuit, however, the latter should be reduced to some 
simple form, known as an equivalent circuit. Consider some of 
the principles underlying the use of equivalent circuits. 

Thévenin’s Theorem. This theorem, widely used in circuit 
analysis, states that any circuit made up of a linear two-port 
with an emf E at its input and a load impedance Z at its out- 
put (Fig. 1.7a), may be replaced by an equivalent circuit con- 


taining an equivalent generator (Thévenin equivalent) of emf V 
having internal impedance Z’, and the same load Z (Fig. 1.75). 
In this statement, the linear two-port may contain linear in- 
ductances, capacitances, and resistances (L, C, R), connected in 
any manner; V is defined as the voltage at the output terminals 
ab of the two-port with the load disconnected. The internal 
impedance of the equivalent generator is defined as that seen 
foonne into the output port ab, with the input cd short-circui- 
ted. 
Then by Ohm's law and from the equivalent circuit, the load 
current / is 
V 


l=777z 





Fig. 1.7. Explaining Thévenin’s 
i theorem (4) 
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Fig. 1.8. Valve circuit and its equivalent 





When we deal with a valve circuit, the valve is assumed to 
be an a.c. generator. Accordingly, the valve is substituted by 
an equivalent generator developing an emf uV, and having an 
internal resistance R,. Hence, the circuit of Fig. 1.8a may be 
represented by the equivalent circuit of Fig. 1.8b. 

Ohm’s law also gives the a.c. component of the anode current: 


; uV g 
= RF oP 
As an alternative, the valve may be reduced to what is known 
as the equivalent current-generator circuit, also called the Nor- 
ton equivalent, g„V, (Fig. 1.8c). In this case, the anode (a.c.) 
resistance of the valve, R,, is replaced with its anode (a.c.) 
conductance G,, defined as G,=1/R,. The load, too, is repre- 
sented by a conductance G,. 
If in the with-signal operation the load impedance is compa- 
rable with the anode resistance of the valve, preference should 





x 

A 
Fig. 1.9. Series and parallel i 
circuits (2) (2) 
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be given to the Thévenin equivalent (the equivalent voltage- 
generator circuit). If the load impedance is only a few tenths 
or even a few hundredths of R,, the equivalent current-genera- 
tor circuit (the Norton equivalent) is more convenient. 

The same reasoning applies to the representation of a transi- 
stor amplifier stage by its equivalent circuit. 

Series to Parallel and Parallel to Series Conversion. Series- 
connected resistances and reactances may be replaced by an 
equivalent parallel connection, and vice versa (Fig. 1.9). 

In such conversions, the reactive elements remain unchanged, 
i.e. x= X, and the resistive elements are recalculated. Thus, 
when changing over from circuit a to circuit b 


Re= (1.10) 
and going back from b to a 


r=% (1.11) 


Review Questions 


1. When is Thévenin’s theorem used? 

2. Where may the Thévenin equivalent (the Norton equiva- 
lent) be used? 

3. Develop an equivalent circuit containing a Thévenin ge- 
nerator for a transistor stage. 


CHAPTER II 
AUDIO-FREQUENCY 
VOLTAGE AMPLIFIERS 





6. General 


An audio-frequency amplifier is intended for amplification in 
the frequency range from 16 to 20,000 hertz. 

Audio-frequency amplifiers are used in radio receivers, long- 
distance wire communication, radio rediffusion systems, automatic 
process control, remote control, and many other branches of en- 
gineering. 

A generalized block-diagram of an amplifier appears in Fig. 2.1. 
The input voltage source V, may be the detector of a receiver, 
a microphone, a pick-up adapter, the play-back head of a tape- 
recorder, a photo-cell, a thermocouple, or other sources of a.f. 
signals. 

An a.f. amplifier may in turn be loaded into a speaker, 
a pair of headphones, the recording head of a tape recorder, an 
oscilloscope, a next stage in an amplifier, and the like. 

The input voltage of an amplifier may vary from a split mic- 
rovolt to several volts, depending on the signal source used. 
For example, a photo-cell generates a voltage of a few micro- 
volts. Electrodynamic microphones generate anywhere from one 
to three millivolts. A pick-up adapter should deliver 100 to 500 
millivolts. The detector of a receiver supplies from a few tenths 


of a volt to several volts. 
Oe | ree [ell 


Supply 





Fig. 2.1. Block-diagram of a 
single-stage amplifier 
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The output voltage of an amplifier may likewise range from 
a few tenths of a volt to hundreds of volts, and the power, 
from a few milliwatts to hundreds or even thousands of watts 
(kilowatts). 

Amplification is essentially the control of a secondary energy 
source delivering its power into the load circuit by the energy 
from a primary audio-frequency source. 

An amplifier is a device in which the power delivered to the 
load is many times the power expended for control at its input. 

Present-day electronics offers a variety of devices which can 
accomplish amplification. These are vacuum valves, transistors, 
magnetic and ferroelectric amplifiers. 

Consider the operating principle of amplifiers based on a vacuum 
valve and a transistor. 

Referring to Fig. 2.2, the grid of the valve accepts V,=V,, 
that is, an a.f. input voltage. The alternating electric field that 
the input voltage establishes between the grid and cathode causes 
marked variations in the anode current. This is another way of 
saying that an alternating component develops in the anode cur- 
rent of the valve. On passing through the high-ohmic load im- 
pedance Z,, the a.c. anode current produces a voltage drop V; 
across the load (or the output voltage V,) varying at the signal 
frequency. When the value of Z; is sufficiently high, the a.c. 
output (load) voltage will be many times the a.c. input (grid) 
voltage. 

Thus, the low-voltage source in the grid circuit controls the 
current in the high-resistance anode circuit which contains a 
local anode supply source. 

The ratio of the a.c. output voltage V, to the a.c. input vol- 
tage V; is called the stage voltage gain: 





Fig. 2.2. Pentode amplifier cir- 
cuit 
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(a) 
Fig. 2.3. Transistor amplifier 


The part of the anode circuit between the cathode and the 
negative terminal of the anode supply source applies a fixed 
negative bias voltage to the valve grid. i 

The cathode resistor R, passes only the direct component of 
the anode and screen-grid current. The alternating component is 
bypassed around R, by a bypass capacitor C, of low reactance. 

R, in the screen-grid circuit is a dropping resistor which ab- 
sorbs the excess anode supply voltage. C, bypasses the alterna- 
ting component of the screen-grid current to the cathode (via C,). 

Figure 2.3a shows the circuit schematic of a transistor ampli- 
fier stage. For its operation, a transistor, as an amplifying 
element, depends on the injection of minority carriers from one 
region to another In the P-regions (the emitter, P,, and the 
collector, P,), the majority carriers are holes (Fig. 2.3b). In the 
N-region (the base, N) the majority carriers are electrons. The 
source voltage connected in the emitter circuit forward-biases 
the P,-N junction, and the electric field established at the jun- 
ction sweeps holes from the emitter region into the base region, 
while the electrons are swept from the base region into the 
emitter region. The resistance of the P,-N junction is drastically 
reduced, and a current begins to flow in the emitter circuit. 

The carriers transported from one region to another are the 
minority for the latter. The transport of carriers from one region 
into another is called the injection of minority carriers. 

The source voltage connected in the collector circuit reverse- 
biases the N-P, junction. With the emitter lead open-circuited, 
the resistance of N-P, junction is very high. In such a case, an 
electric current can flow only due to the transport of minority 
carriers caused by thermal agitation. This collector leakage cur- 
rent, as it is called, does not usually exceed a few microamperes. 

When the emitter circuit is completed, the injection of minority 
carriers, already mentioned, takes place. 
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The base region is very thin, usually 20 to 30 microns. On 
the other hand, the distance that minority carriers are able to 
cover before recombination may be several times greater (120 to 
130 microns). Therefore, a sizeable proportion of the minority 
carriers injected into the base region move into the collector 
region and fill the depletion (transition) region, considerably 
increasing its conductivity. 

Existent transistors are built so that up to 95 to 99 per cent 
of all minority carriers moving from the emitter region (P,) 
into the base region (N) are swept by the electrostatic field at 
the N-P, junction into the P, region, giving rise to a collector 
current which is 95 to 99 per cent of the current in the emitter 
circuit. 

Thus, a low-voltage current source in the low-resistance emitter 
circuit produces nearly as great a collector current flowing in a 
high-resistance circuit and having a voltage, E.» higher than E,- 
If the voltage source in the emitter circuit is an audio-frequency 
one, it will give rise to an alternating component in that 
circuit, and nearly as great a current will flow in the collector 
circuit. On passing through the load impedance Z.=2Z,, it will 
produce a voltage drop V,=V, across it, which will be several 
times the signal (input) voltage V,=V;. The ratio of the output, 
or load, voltage to the input, or signal, voltage is called the 
voltage gain of a single-stage transistor amplifier: 


K, => V/V: = VV, 


Main Characteristics of an Amplifier. In order to evaluate the 
various physical properties of an amplifier, the following basic 
characteristics are used: 

(1) stage gain; 

(2) maximum rated power; 

(3) bandwidth; 

(4) dynamic power range; 

(5) efficiency; 

(6) distortion. 

The stage gain K is one of the most important characteristics 

of an amplifier. i 

It is customary to distinguish between voltage gain and power 
gain. 

The voltage gain is numerically equal to the ratio of the 
voltage at the amplifier output to the voltage applied to the. 
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input 
_ Vout 
Vie 
The power gain is the ratio of the power at the output of an 
amplifier to the power applied to its input 
Pow 
ae 
It may be shown that the total gain of a multi-stage ampli- 
fier is equal to the product of its separate stage gains 


K,=K,K,K;K, 


The gain may vary from several units to hundreds of thousands, 
or even several millions. 

For practical purposes, the gain of an amplifier is often ex- 
pressed in logarithmic units, decibels (db). Voltage gain in de- 
cibels in terms of relative gain is 


K a = 20 log,, wp = 20 log,, K 





Power gain in decibels is 


Pox 
K pap = 10 log,, Pe = 10 log,,K, 





Decibel units for gain are especially convenient in analysis 
of multi-stage amplifiers. The total voltage gain in decibels is 
equal to the sum of the gains of the individual stages 


K tap = 20 log.) K,K,Ks-.. = 20 logo, + 20 log,, K, 
+ 20 l0g1Ks + . . - = Kia + Keay + Kso t --- 


In exactly the same way, the total power gain in decibels is 
equal to the sum of the gains of the individual stages 


K pav = K pray + K pean + K psat + arin 


The power output of an amplifier is the maximum power 
delivered by the amplifier to the load at specified signal distor- 
tion. It usually varies from a fraction of one watt to several 
watts. 

The bandwidth of an amplifier is the difference between the 
limiting frequencies, within which the gain of the amplifier has 
a specified value. Ordinarily, the gain should remain constant 
within +3 db (+30 per cent) over the bandwidth. 
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The bandwidth of an audio-frequency amplifier is determined 
by its application. 

In radio telephony it extends from 300 to 2,500 hertz. In order 
to reproduce a chorus or an orchestra the bandwidth must be 
at least 100 to 5,000 hertz. 

In test amplifiers, the bandwidth usually embraces the whole 
audio-frequency sprectrum, i.e. 16 to 20,000 hertz. 

In special-purpose amplifiers, the bandwidth is sometimes 
limited to several tens or hundreds of hertz. 

The dynamic power range represents the span of power levels 
from minimum to maximum. Within this range the electrical 
properties of the amplifier must fall within specified limits. For 
instance, the quality of reproduction may be considered satis- 
factory if the ratio of the maximum to minimum power or vol- 
tage is 60 db. 

The amplifier efficiency shows whether the amplifier is suf- 
ficiently economical in operation. The electrical efficiency y of 
the individual stages of an amplifier is equal to the ratio of the 
power output P to the power P, drawn from the anode supply 
source 


Le 
=p 


Distortion due to an amplifier is the change in the signal 
waveform during its passage through the amplifier. 





Fig. 2.4. Non-linear distortion resulting from a wrong position of the ope- 
rating point on the valve characteristic 
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Fig. 2.5. Grid circuit of an am- 
plifier 





As already noted, there exists non-linear, frequency, and phase 
distortion. 

Non-linear distortion is caused by the non-linear behaviour 
of the circuit elements, such as valves or transformers, through 
which the signal has its path. As a result, the variation of output 
current is not directly proportional to that of input voltage. 
This may happen when the operating point of a valve has been 
positioned on a curved (non-linear) region of its characteristic. 
Referring to Fig. 2.4, i, varies in a different manner from es. 

Non-linear distortion also occurs when the grid of a valve îs 
allowed to draw current. As is seen in Fig. 2.5, during the ne- 
gative half-cycle of the input voltage there is no grid current. 
The input resistance R;,, of the valve at this moment is sufficiently 
great in comparison with the internal resistance R; of the source, 
which makes it possible to disregard its effect upon the input 
voltage. 





Fig. 2.6. Operation without gria 
current 
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During the positive half-cycle of the input voltage the grid 
draws a current. Due to this, the input resistance of the valve 
is sharply reduced; this brings about an increased voltage drop 
across the internal resistance of the supply source and also a 
decrease in the input voltage of the valve. 

The amplitude of the grid voltage (V,) is noticeably less during 
the positive half-cycles than during the negative ones. As a result, 
the sinusoidal signal is distorted already at the amplifier valve 
input. In order to avoid grid current i,, the negative bias vol- 
tage E, applied to the valve grid should differ from the ampli- 
tude of the input voltage by at least one volt (Fig. 2.6). 


E,+V,<—1 volt or |E,|—V, > 1 volt (2.1) 


Non-linear distortion also occurs when an amplifier employs 
iron-core components operating close to saturation (Fig. 2.7). 
When the number of ampere-turns is sufficiently large, the ope- 
rating point may happen to be at the end of the linear region 
of the magnetisation curve of the transformer used as the anode 
load. Magnetic-flux change A® and, consequently, change of the 
emf of induction in the secondary will not be proportional to 
anode current change. If the alternating component of the anode 
current is sinusoidal, the waveform of a.c. voltage at the trans- 
former output will be distorted. 

From the examples given above it is apparent that in all cases 
the waveform of the output signal is distorted by high harmonics. 

The severity of non-linear distortion may be found by deter- 
mining the amplitude of the first and higher harmonic compo- 
nents. Once these values are known, the non-linear distortion 
factor will be given by the following equation: 


p24 phe 
po Vt Bt (2.2) 


Fig. 2.7. Non-linear distortion 
in a circuit with iron-core com- 
ponents 
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Fig. 2.8. Determining non-linear 
distortion nom the dynamic load 
ine - 





The amplitudes of a. c. components may be found analytically 
by resolving the distorted signal into Fourier’s series. However, 
in this case it is necessary to know the exact functional rela- 
tionship between the anode current and the valve voltages. 

The non-linear distortion factor y may be determined with an 
accuracy sufficient for practical purposes directly from the dy- 
namic (a. c.) load line of the valve, i, = f (e4). 

Figure 2.8 gives a family of anode characteristics and the 
dynamic (a.c.) load line of a triode. The load line MN passes 
through the operating point Q which fixes quiescent bias voltage 
E,, and quiescent anode voltage V,,. 

The slope of the characteristic is determined by 


tan B= 


Points M and N can be found by plotting them graphically: 
ON = 00’ + Q’N 
0Q’= 


= 


v. 
'N = 0 
VWN=z 

Having located point N, a straight line is drawn through it 
and through the Q-point until it intersects the anode voltage 
axis at point M. 

The non-linear distortion factor y is usually expressed in terms 
of straight-line segments a, b and c: 


a= AQ 
b=QB 
c=CD 
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Segments AQ and QB are equal to the segment representing 
the change in grid voltage +V,. Segments CQ and QD are equal 
to the segment representing the change in the grid voltage, +V,/2 


CD=CQ+QD 


The equations for computing the harmonics of anode current 
and non-linear distortion follow. 
The amplitude of the first-harmonic anode current is 


l b 
lamt lana laan Er (2.3) 


the ampitude of the second-harmonic anode current 


1 —b 
las =q la max —! amin) $5 (2.4) 


the amplitude of the third-harmonic anode current 


l b— 2c 
E | rn T ae (2.5) 





the average anode current 


1 —b 
legelg Cee leaw) as (2.6) 
the second-harmonic distortion is 
1 a—b 
= aFs (2.7) 


the third-harmonic distortion is 


__ i a-+-b—2c 
Y= 9 a+tb+e (2.8) 


The limits of non-linear distortion depend on the application 
of the amplifier. In test amplifiers the factor y usually does not 
exceed 1 or 2 per cent. In ordinary broadcast amplifiers and 
public address systems the factor y does not exceed 7 or 8 per 
cent. 

Frequency distortion is present in an amplifier when it does 
not amplify signal voltages of all frequencies within the specified 
frequency range by the same amount. Such non-uniform amplifi- 
cation is caused by the presence of frequency-dependent reactive 
components in the circuit. 


2—487 
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Fig. 2.9. Frequency response 
curves 


I — ideal amplifier; 2 — practical 
amplifier 





The dependence of K on frequency is usually represented by 
a frequency characteristic, also called the frequency response curve. 

Figure 2.9 shows the frequency response of an ideal amplifier /. 
Its response is said to be “flat” over the whole frequency range. 
The frequency response of a practical amplifier 2 shows that its 
gain falls off at low and high frequencies. 

The values of K are laid off as ordinate, and the frequency 
as abscissa. F, and F, are the limiting or cut-off (low and high) 
frequencies of the band. K, is the midband (or mid-frequency) 
gain, as it is called. K, is the low-frequency gain, and K, is the 
high-frequency gain of the amplifier. 

Sometimes, frequeney-response curves are plotted on a loga- 
rithmic scale, with K in decibels as ordinate and the logarithms 
of frequency as abscissa (Fig. 2.10). 

Quantitatively, frequency distortion is expressed as the distor- 
tion factor M which is equal to the ratio of the midband gain 
to the gain at the limiting frequencies 


— Ko 
M= K (2.9) 

Since the drop in amplification in the low-frequency range is 
different from that in the high-frequency range, frequency dis- 
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tortion is evaluated separately for each: 


M, =R (2.10) 
M, =R (2.11) 


The total frequency distortion of a multi-stage amplifier is equal 
to the product of the frequency distortions of the individual 
stages 

M,=M,M,Ms..- = (2.12) 


Frequency distortion just as gain may be expressed in decibels 
Mav ne 20 log, M i 


The limits of frequency distortion depend on the application of 
the amplifier. oe 
The human ear does not practically notice frequency distortion 
if it is less than 25 to 30 per cent at the limiting frequencies of 
the audio range. Therefore, for audio amplifiers, frequency -distor- 
tion may be M,= M,=1.25 to 1.3, which corresponds to a fre- 
quency response flat to within +2 or 3 db. gur 
Phase Distortion. When an electric circuit contains capacitive 
and inductive reactances, its voltages and currents will undergo 
a phase shift from input to output, and this phase shift will be 
diferent at diferent frequencies. k 
This is also true of all a.c. amplifiers. For one thing, they 
contain reactances. For another, their signal consists of the fun- 
damental and higher harmonics. E AE gt 
Because of this lack of direct proportionality between phase 
shift and frequency, the waveform of the output signal will be 
distorted. This is phase distortion. Sef Fe 
The curve showing phase shift as a function of frequency is 
called the phase response characteristic (Fig. 2.11). wit 
No phase distortion occurs when the phase relations between 
the components of a complex signal at the output of the ampli- 
' fier remain the same as at the input. = 
This is also true of cases where the phase shift is directly 
proportional to the frequency of higher harmonics (Fig. 2.11, 
curve 1). as 
The departure of the phase-response characteristic from linea- 
rity is an indication that phase distortion is present. In audio 
amplifiers phase distortion is usually disregarded. | o voeo 


2* 
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Fig. 2.11. Phase response characteristics 
1—practical amplifier; 2—amplifier introducing no phase distortion 


In television and radar amplifiers phase distortion may con- 
siderably impair the quality of the picture. Therefore the phase 
shift must not exceed 5° to 20° at the limiting frequencies of 
the amplification channel. 


Review Questions 


l. When can a radio receiver operate without an a. f. amplifier? 

2. Name the essential properties of an amplifying element. 

3. The input and output voltage of a device are the same. 
Can this device be an amplifier? 

4. Name the factors affecting voltage gain. 

5. Name the factors affecting power gain. 

6. Is non-linear distortion dependent on the signal amplitude? 


7. Principles of Amplifier Design 


The circuit configuration of an amplifier is to a large extent 
decided by its intended application, which may be voltage or 
power amplification. 

A voltage amplifier is one designed to amplify voltage wave- 
forms in circuits where almost no power is taken from the load. 
A power amplifier is one designed to increase the power of a 
signal and to supply power to some circuit other than the grid 
of another valve, such as a loudspeaker, a transmission line, 
a relay, etc. 

When the amplification provided by a single-stage amplifier is 
insufficient, resort is made to a multi-stage, or cascade, arran- 
gement. In audio-frequency multi-stage or cascade amplifiers, the 
early stages amplify voltages, and the final (or output) stage 
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Fig. 2.13. Voltage amplifiers 
(a) RC-coupled, (b) LC-coupled: (c) trunsformer-coupled 


amplifies power. A generalized block-diagram of a multi-stage 
amplifier is shown in Fig. 2.12. 

A further classification of amplifiers is according to interstage 
or load coupling, namely: 

(a) resistance-capacitance-coupled amplifiers (Fig. 2.13a); 

(b) choke-capacitance-coupled amplifiers (Fig. 2.135); 

(c) transformer-coupled amplifiers (Fig. 2.13c). 

Still another basis for amplifier classification is according to 
output-circuit configuration, namely: 

(a) earthed- (common-) cathode amplifiers (Fig. 2.14a); 

(b) split-load amplifiers (Fig. 2.14b); 

(c) earthed- (common-) anode amplifiers (cathode followers) 
(Fig. 2.14c). 





(2) (4) 
Fig. 2.14. Audio-ampiifiers 
(a) earthed-cathode; (b) sptit-load; (c) earthed-anode (cathode follower) 
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Fig. 2.15. Wrong connection of 
a load in an earthed-cathode 
amplifier 





In an earthed (common)-cathode amplifier, the cathode is at 
earth potential at the signal frequency, the input is applied 
between the control grid and earth, and the output load is placed 
between the anode and earth. 

In an earthed-anode amplifier (cathode follower), the input is 
applied between the control grid and earth, and the output is 
derived from the impedance placed between the cathode and 
earth which provides feedback. 

Fig. 2.15 shows a wrong connection of the load in the anode 
circuit. The anode supply source has a marked capacitance to 
earth. This stray capacitance (shown by the dashed line in the 
circuit diagram) will shunt the load impedance and affect the 
physical properties of the amplifier. 

The most commonly used circuit configurations for transistor 
amplifiers are: 

(a) common-base amplifiers; 

(b) common-emitter amplifiers; 

(c) common-collector amplifiers; 

(d) split-load amplifiers. 

These types are shown in. Fig. 2.16. 


4. 
4, Z, 4, 4 á 
(a) (4) (£) (0) 


Fig. 2.19. Transistor amplifiers 
(a) common-base; (b) common-emitter; (c) common-collector; (d) split-load 
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In a common-base amplifier, the load impedance is placed bet- 
ween the collector and the negative side of the collector supply 
source (if the transistor is a P-N-P type). The base and the 
positive side of the collector supply source are connected to earth. 

In a common-emitter amplifier, the load impedance is disposed 
in exactly the same way as in a common-base amplifier, with the 
emitter, and not the base, connected to earth. 

In acommon-collector amplifier, the load impedance is connected 
between the emitter and earth. The collector supply source is 
placed between earth and the collector. 

In a split-load amplifier, part of the load impedance is placed 
in the collector circuit, and part in the emitter circuit. 

In all circuit configurations, the collector supply source is 
connected so that its stray capacitance will not shunt the load 
impedance. 


Review Questions 


1. Name the circuit configurations that can be realised in a 
two-stage valve amplifier. 

9. Which of these circuit configurations may be of practical 
value in a two-stage valve amplifier? 

3 Name the circuit configurations that can be realised in a 
two-stage transistor amplifier. 

4. Which of these circuit configurations may be of practical 
value in a two-stage transistor amplifier? 

5. May the anode circuit of the valve in an amplifier be fed 
with an alternating supply voltage? 


8. Resistance-capacitance-coupled Amplifier 


A resistance-capacitance (RC)-coupled amplifier is one in which 
the a.c. voltage coupled to the next stage develops across a 
resistor placed in the anode circuit. 

A simplified circuit diagram of an RC-coupled amplifier is 
shown in Fig. 2.17. 

The instantaneous grid voltage e, is the sum of bias voltage 
E, and signal voltage vy 


e,=E,+V,sin Qt 


where V, is the signal voltage amplitude. 
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Fig. 2.17. RC-coupled amplifier 


In no-signal operation, bias voltage E, alone is applied to the 
grid, and a d. c. current /,, flows in the anode circuit. This 
current, on passing through the anode load resistor R produces 
a constant voltage drop across this resistance 


VR=l nR 
The value of d.c. voltage between the cathode and anode is 


less than the supply voltage E, by the value of the voltage drop 
across the anode load resistor 


Va = E,—Vp 


The signal voltage applied to the valve grid changes the anode 
current of the valve in such a way that the maximum value of 
anode current amas corresponds to the maximum value of grid 
voltage 

egmas = Ey t+V, 
and the lowest anode current i,,;, corresponds to the minimum 
grid voltage 

gmin = Ey—V, 


As the anode current increases, the voltage drop across the 
anode load resistor also increases. This brings about a decrease 
in the anode voltage. Therefore, when the grid voltage is a 
maximum, the anode voltage will be a minimum and vice versa. 
Thus the a.c. anode voltage is 180° out of phase with the 
signal (a.c. grid) voltage. 

The a.c. signal voltage applied to the valve grid changes not 
only the anode current, but also the voltage drop across the anode 
load resistor and the anode voltage; as a result, the static chara- 
cteristic no longer reflects the relationship between grid voltage 
and anode current, and resort is now made to the dynamic anode- 
grid (or transfer) characteristic. 
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Fig. 2.18. Characteristics of an 
RC-coupled amplifier 


The events discussed above are presented graphically in Fig. 2.18 
where Q is the quiescent operating point of the valve fixing the 
quiescent anode voltage V., and AB is called the path of 
operation, which is a segment of the dynamic transfer curve. 

Quite frequently the a.c. (dynamic) load line, i= Ọ (e,), is 
used instead of dynamic transfer characteristics i, =f (eṣ). 

The a.c. load line (Fig. 2.19) offers a convenient method for 
determining the a.c. voltage amplitude across the anode load 





Fig. 2.19. Dynamic toud line of an RC-coupled amplifier 
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resistor (see Fig. 2.17) 
V __ Ca max—amin _ A’B' 
a as a 
and the quiescent anode voltage V,,,. 

The a.c. voltage developed across the anode load resistor is 
applied to the valve grid of the next stage through a coupling 
capacitor C, which “blocks off” the d.c. voltage on the anode 
of the first valve and prevents it from being applied to the grid 
of the second valve while allowing the amplified a. c. voltage to 
drive the next stage. The resistance of C, to d. c. must be at 
least several hundred megohms. 

R, is the grid-leak resistor, or one providing a d.c. path to 
limit the accumulation of charge on, and applying bias voltage 
to, the grid. If R, were taken out of the circuit, the grid poten- 
tial would not be constant. The value of R, must be from a few 
hundredths to a few thousandths of the insulation resistance 
between the grid and cathode. Usually the value of R, does not 
exceed 0.5 to 2 megohms. A smaller grid-leak would shunt the 
anode load. 

C, and R, form an a.c. voltage divider. To increase the vol- 
tage taken from R, the reactance of C, must be far less than R, 


l 
ac, < Re 


The stage gain of the circuit shown in Fig. 2.17 is defined as 
K = veut (2.13) 
Vg 

To derive an expression for the stage gain we shall use the 
equivalent circuit of Fig. 2.20 where the shunt capacitance C,, 
connected in parallel with R,, is equal to the sum of output 
valve capacitance C,,,, the input capacitance C,, of the next 

valve, and the distributed capacitance C, of the wiring 


Cs oo Cout + Cin T Gy 


Fig. 2.20. Equivalent circuit of 
an RC-coupled amplifier 











(a) (b) (£) 


Fig. 2.21. Simplified equivalent circuits of an RC-coupled amplifier 


(a) for midband frequencies; (b) for low frequencies; (c) for high frequencies 


The value of C, is from 50 to 200 picofarads. 
At the midband frequency, the reactance of C, is much smaller 
and that of C, is much higher than the resistance of Rg 


1 1 
ner <Re ot Re 


so that both may be disregarded. 
Therefore, we may ignore C, in the low-frequency range, and 
C, in the high-frequency range. 
Simplified equivalent circuits of the stage are shown in Fig. 2.21. 
Let us determine the stage gain K, in the midband range. 
Applying Thévenin’s theorem to the circuit of Fig. 2.21a produ- 
ces the voltage-generator equivalent circuit of Fig. 2.22 where 


R 
V= WERSER 
O RaR 
Re BTR 


The output voltage of the amplifier 


Von =V (2.14) 


e 
Reg + Rg 
Substituting the expressions for V and R,, into Eq. (2.14) gives 











R Rg 1 
Vout = PV eg RR RaR +R Pe R Re 
Ra +R £ R Rg 
K _ Voat _ Vout _ l (2 15) 
a Vie ae eas Ra 
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Fig. 2.22. Transformed Fig. 2.23. Transformed equiva- 
equivalent circuit for the lent circuit for the low-frequency 
midband range range 


Again using the voltage-generator equivalent circuit, (Fig. 2.23), 
the gain in the low frequency range is 


Rg 


V on = V ———— 
Reg t+Rat rae 


Substituting the expressions for V and R,, gives 











. > R Rg 
V out = Veg FR RR PR = 
Rat £ İQiCe 
. i 
=UV; R, R i 
Ray Ka —_—— 
(14 et) [+ (aez: Jaz.| 
eTR FR he 
Since, however, 
| R,R 
Re> RFR 


it follows that 
1 








V =UV; 
on RR 
(14 EHRE) (1+ OER.) 
and 
— Vout __ 1 
Kem ye Ke 75 (2.16) 
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The modulus of the low-frequency gain is 
1 
a i E 
Tee 
| ca 
K,=K, 


V '+(om) 


(Ti 





K,=K, (2.17) 


(2.18) 


where t,==C,R, is the time constant of the interstage coupling 
network. . 

Equations (2.16) and (2.17) can be used to determine both 
the frequency distortion M, and the phase response of the stage 


— Ko meen, VF 
M,= x V 1+ (azm) (2.19) 
l 2 

y 1+ (a) (2.20) 

1 
tanp, = oe R, (2.21) 

1 
tan p, = On (2.22) 


The frequency distortion M, and the phase shift @ are 
related thus 
l 
Now let us determine the stage gain in the high-frequency 
range 
K, = Vout (2.24) 
Vg 


Applying Thévenin’s theorem to the circuit of Fig. 2.2lc 
produces the voltage-generator equivalent circuit of Fig. 2.24 


Fig. 2.24. Transformed equiva- 
lent circuit for the high-frequ- 
ency range 
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in which 
; Die 
Vont = V——S 
Reg + ZRC 
where l 
nd 
R= 
Z,.——2 ins ___ Pe 
Rc = I 1+ jQ,C5R 
e +C; 


Substituting in Eq. (2-24) the expressions for Vout and 
simplifying gives 
; 1 





Ka= Ko i9,0,Ra (2.25) 
where 
RR 
| Reg = Ra +R 
The modulus of the gain is 
1 
— gy aerate nena reac a 2.26 
eo TFB CR oe 
Putting 
- C Reg = Tp 
we have 
I 
A VIF Gita? N 
The modulus of the frequency distortion is: 
K AEPA 
a Mn= KR =V1+(Q,C Req) (2.28) 


M,=V 1+(,1,)? (2.29) 
The phase-shift tangent is determined from Eq. (2.25) 


tan Pa =— QC Rog (2.30) 
or 


The frequency distortion M, and the phase shift ọ may also 
be found from the same equation as used for the low-frequency 
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range 
1 

From the foregoing we may conclude that the gain is a 
maximum in the midband range. As the frequency is decreased, 
the reactance of C, increases, and the voltage drop across it 
also increases, bringing down the output voltage across R, so 
that the gain K, is considerably smaller than K,. 

As the frequency increases, the reactance of C, decreases, 
and the shunting effect of C, on the anode resistor is reduced. 
Lowering the anode resistor results in lowering K,. Thus, the 
frequency-response characteristic of the amplifier in the low- 
and high-frequency ranges falls off. i 

As is seen from Eq. (2.21) and (2.30), the phase shift caused 
by C, in the low-frequency range is positive (p; > 0), while the 
phase shift caused by C, in the high-frequency range is negative 
(9, <0). At the midband frequency 2, the phase shift is equal 
to the algebraic sum of phase shifts 9, and q, and is equal 
to zero 





1 
OCR, +(—Q,C,Req)=9 (2.33) 
or ý 
l 
dea QT, =9 (2.34) 


Solving Eq. (2.33) for the frequency, we obtain 
l 


Q =n 
0 VORgCsReg 


(2.35) 
or a 
l 


V Trn 


Amplifier analysis and experiments show that the midband 
range, that is, the region where the gain is very near to Ko, 
covers a considerable spectrum of frequencies (Fig. 2.25). This 
is also true of the phase response of the amplifier (Fig. 2.26). 

Non-linear distortion in an RC-coupled amplifier, provided 
the proper operating conditions have been selected, is negligibly 
small. However, if an amplifier accepts large signals, it may be 
driven into operation within the lower curved region of the 
characteristic where noticeable non-linear distortion often occurs. 


Q, = (2.36) 





48 RADIO RECEIVERS 


Fig. 2.25. Frequency response 
characteristic of an RC-coupled 
amplifier 





As shown above, the gain is controlled by the anode resistor; 
the greater R, the less the difference between the stage gain 
and the amplification factor of the valve. 

This relationship is also influenced by the a.c. anode resistance 
of the valve itself. Therefore, it is frequently more convenient 
to relate the gain to the ratio 


R 
Reo 
and not the anode load resistor. A plot of this relationship is 
shown in Fig. 2.27. 
As is seen, R has a marked effect on K, only when the 


ratio aaa does not exceed three or four. Further increase in 


the anode load resistor has but a very slight effect on the gain. 

There are some more reasons why the anode load resistance 
should not be made too large. Firstly, as R is made higher, the 
voltage drop across it increases, and the d.c. anode voltage is 
reduced. This increases the a.c. anode resistance of the valve and 
decreases its mutual conductance. 

Secondly, an increase in the anode load resistance would cause 
an increase in the equivalent resistance R,, and, consequently. 
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Fig. 2.26. Phase-response characte- Fig. 2.27. Plot of the gain as 
ristic of an RC-coupled amplifier a function of the anode resistance 
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in the frequency distortion M, and the phase shift @, in the 
high-frequency range. Therefore, the value of R is usually chosen 
to be two to five times the a.c. anode resistance of the valve, so 
that a=2 to 5. 

` The value of the grid-leak resistor R, in audio amplifiers is 
usually 5 to 10 times that of the anode resistance. At such values 
of R and R,, the gain changes but slightly over a considerable 
frequency range. 

Among the advantages of RC-coupled amplifiers are simplicity 
and low cost of components. This is the reason why such 
amplifiers are widely used as voltage amplifiers in different 
types of radio equipment. 


Review Questions 


1. Can the anode load resistor be smaller than the a.c. anode 
resistance of the valve? 

2. How large should the ratio of R to R, be to give a gain 
less than unity? 

3. How large should C, be to affect the frequency response 
in the high-frequency range? 

4. Why is it that the instantaneous anode voltage of an 
RC-coupled amplifier is always lower than the anode supply 
voltage? . 

5. Can amplifiers use self-bias due to grid current? 


9. Design of an RC-coupled Amplifier 
Given: 


1. The input and output voltages of the amplifier, i.e. the 
gain that it must provide. 

2. The bandwidth, F,-F,. 

3. The limits of low- and high-frequency distortion, M, and M,. 


To find: 


1. Valve type and its operating conditions. 

2. Circuit parameters R, R, and C,. 

3. Frequency distortion M and gain K at the cut-off fre- 
quenic ies. 
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In some cases, it is desired to calculate circuit parameters 
which will secure a maximum stage gain with the valve type 
selected. 


Design Procedure: 


1. The choice of the valve is governed by the required gain 
and frequency range. 

Narrow-band amplifiers and stages with K< 100 usually 
employ triodes with a high amplification factor (50 to 100). 
Broad-band amplifiers and amplifiers with K,=100 to 200 
employ pentodes. 

For the purpose of valve selection it may be assumed that 
the gain of the triode stage is 


K, & (0.7 to 0.8) p 
2. Having selected the type of valve, find the equivalent 
resistance from Eq. (2.28) 
V me—1 
Rea =— oe 
3. Once R,, is found, determine the anode load resistor 
RegRa 
R = Ra Ez Reg 


The a.c. anode resistance of a pentode valve is usually much 
higher than the equivalent resistance R,,. 
Therefore the anode load resistance is 


R= Reg 


4. Now determine the value of the grid-leak resistor R, and 
find the capacitance of C, using Eq. (2.19) 


R,=(5 to 10) R 
1 


QR V Mi—1 
5. Find the midband frequency Q, and the midband gain K, 
1 
Q, = -m 
° V CRC Req 
1 
K=p 





Ce > 


HHR 
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Fig. 2.28. An amplifier em- 
ploying a bantam dual triode 


6. Using the value of R, plot the a.c. load line of the valve 
and find /,, and V, graphically. 

7. Calculate the frequency distortion and gain at the cut-off 
frequencies 


Example 2.1. Design an RC-coupled amplifier using one half 
of a bantam dual triode valve (Fig. 2.28) for V,=0.5 volt; 
frequency range, 50 to 6,000 hertz; limits of frequency distor- 
tion: M,=M,=1.05; shunt capacitance C,= 200 picofarads; 
anode supply voltage E,=250 volts. 

The parameters of the valve are g,=2 mA/V, u = 97.5, 
R,=49 kilohms, Pa max = 1 watt, V; =6.3 volts, I, = 0.345 ampere. 

To find: the anode load resistor R, grid-leak resistor R,, 
coupling capacitor C,, the gain at the low, midband and high 
frequencies, self-bias resistor R, and capacitance of the bypass 
capacitor C, in the cathode circuit. 


Solution: 
1. The equivalent resistance is 
Vmi- y T.053—j AO Li 
Reg = OC, 628x60x10 x20x 107" = 42 kilohms 
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2. The anode load resistance is 
R= RegRa 42x49 


or taking the nearest standard value, R = 300 kilohms. 
3. The grid-leak resistance is 


R,=(5 to 10)R=5x300=1.5 megohms 
4. The capacitance of the coupling capacitor 


G > 
7 R V MF 1 


= —_______—_—_——_-— = 6,600 picofarads, or taking the 
1.5 x 1066.28 «50 V 1.052—1 


nearest standard value, C, = 6,800 picofarads. 
5. The midband gain is 


1 


= 294 kilohms 








l 


K, = u —p s = 97.5 — c a 81.5 
Ra , Ra 49 49 
ERER, | +300 + 1,500 
6. The gain at 50 and 6,000 hertz is 
Ko _ 81.5 


Kso = K4 ooo =M 1.05 77.5 


7. From the characteristics of Fig. 2.29 E,=—1.5 volts. 
8. Plot the a.c. (dynamic) load line. To do this, divide E; 
into R to obtain a point on the current axis: 


E, + R = 250 + 300 x 10° = 0.83 mA 


which gives point N in the plot of Fig. 2.29. The other point 
is on the voltage axis; it is located by the specified anode 
supply voltage E,=250 volts. The a.c. load line is thus drawn 
through points N and M. 


Fig. 2.29. Characteristics of the 
bantam dual triode 
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9. The Q-point (the intersection of the load line and the 
grid-bias curve) defines the quiescent anode current Ia and the 
quiescent anode voltage Va 

Ia = 0.4 mA; Vy. = 132 volts 

10. The self-bias resistor is 

| Eg | 1.5 3 80 h 
Ka aa a = 


11. The capacitance of the bypass capacitor in the cathode 
circuit is 





C,=10 microfarads 


Review Questions 


1. What effect has the a.c. anode resistance of a valve on 
the frequency response of the associated amplifier stage? 

9. Name the methods for reducing distortion in the low-fre- 
quency range. 

3. May a valve amplifier use an electrolytic as the coupling 
capacitor? 

4. What should be the working voltage for the coupling capa- 
citor in a valve amplifier? 


10. Transformer-coupled Amplifiers 


Transformer coupling is employed in voltage amplifiers and 
is the basic one for power amplifiers. 

The circuit diagram of a transformer-coupled amplifier is shown 
in Fig. 2.30. The amplifier functions as follows. 

The audio-frequency signal applied to the grid of the first 
valve produces an a.c. component in the anode circuit. This 





—— b 


Fig. 2.80. Transformer-coupled amplifier 
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(~) | l Vout 


Fig. 2.81. Equivalent circuit of 
a transformer-coupled amplifier 


component, passing through the primary winding of the trans- 
former, sets up an alternating magnetic field around it. The 
magnetic field of the primary induces an alternating emf in the 
secondary. 

If the number of turns in the secondary is greater than that 
of the primary, N, > N,, the secondary voltage will be higher 
than the one across the primary terminals. Thus, a transformer- 
coupled amplifier both amplifies and steps up the voltage. 

The a.c. resistance of the transformer primary is comparatively 
low, being usually from several hundred to several thousand 
ohms. Therefore the anode may be considered to be at full or 
nearly full potential of the anode supply source. This is why 
in a transformer-coupled amplifier the anode supply voltage may 
be considerably lower than in an RC-coupled amplifier emp- 
loying a similar type of valve. 

The primary and secondary windings are electrically isolated 
from each other so that no coupling (or blocking) capacitor C, 
is needed in a transformer-coupled amplifier. 

R, across the secondary winding is provided to improve the 
stability of amplifier operation and frequency response. 

The equivalent circuit of a transformer-coupled amplifier is 
shown in Fig. 2.31. However, it is not convenient for analysis 
and is replaced with another circuit, in which the components 
of the secondary circuit are referred to the primary side 
(Fig. 2.32). The following designations are used in Figs. 2.31 
-and 2.32: 





Fig. 2.32. Equivalent circuit of a transformer-coupled amplifier referred 
to the primary circuit i 
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Vit 2t = amplifier output voltage referred to the primary 


— Ns 
~ Ny 
N,=number of turns in the primary 

N,==number of turns in the secondary 

r, =resistance of the primary 
r,=1,/n’=resistance of the secondary referred to the primary 

L= total inductance 

L, = primary inductance 

L,=secondary inductance 

L„= primary leakage inductance 


Lis = =F = secondary leakage inductance referred to the primary 


C,=total capacitance of the primary circuit, consisting 
of the valve output capacitance C,,;, capacitance 
Ca of the wiring in the primary, and distributed 
capacitance C; of the transformer primary 

C,=total capacitance of the secondary circuit consisting 
of the input capacitance C;„ of the valve in the next 
stage, the distributed capacitance Cw, of the secon- 
dary wiring, and distributed capacitance Cre of the 
transformer secondary 

C, =n'c, =total capacitance of the secondary circuit, referred to 
the primary circuit 


= turns ratio 


R; =z = shunting resistance referred to the primary. 


The value of the leakage inductance L, depends on the trans- 
former design. The greater the distance between the primary 
and secondary windings, the higher is L,. 

To reduce the leakage inductance, the transformer windings 
are made in sections. In such windings, sections of the secon- 
dary are located between sections of the primary. 

In modern transformers. L, is such that 


o=52=0.007 to 0.05 
1 


where o is the leakage factor. 

For the purpose of analysis, the circuit of Fig. 2.32 may be 
safely replaced by a simpler circuit of Fig. 2.33. The following 
considerations justify the replacement: 

(1) L may be replaced by L, because usually La ŚL, in 
a transformer. 
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Fig. 2.383. Simplified equivalent 

circuit of a transformer-coupled 

amplifier referred to the primary 
circuit 





(2) Resistances r, and r, are usually much smaller than Ra; 
their effect on circuit operation may be allowed for by a slight 
increase in R, to Ra. At the high frequencies, the current 
branching off into L is small, and it may be considered that 


Ra=R, +r, +r, 


At the low frequencies 


Ra= Ra +r, 


(3) In exactly the same way, the effect of C, may be allowed 
for by adding a small capacitance C; to it 


C=C, +C; 


(4) Ls and Ls, may be considered to be eonnected in series 
and may be replaced by a single inductance L, 


Ls = Ls, + Ly, 


Let us see how the various elements in the circuit of Fig. 2.33 
function at different frequencies. In the low-frequency range the 
reactance of L, is so small as to be neglected. The low-frequency 
equivalent circuit is shown in Fig. 2.34a. 

In the midband range, on the other hand, not a single circuit 
element of Fig. 2.33 may be neglected. 

In the high-frequency range, L, may be disregarded because 
its reactance Q,L, is very high. The key factors in this range 
are Lẹ and C. The high-frequency equivalent circuit is shown 
in Fig. 2.346, 





(a) (b) 
Fig. 2.84. Equivalent circuits of a transformer-coupled amplifier 
(a) for low frequencies; (b) for high frequencies 
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In the circuit of Fig. 2.34a, L, and C form a parallel resonant 
circuit whose impedance is very high at a certain lower resonant 
frequency Q,,. At this frequency, the stage can be represented 
by a simple equivalent circuit (Fig. 2.35). 

The resonant frequency is given by 


1 
Su = FT 
The output voltage referred to the primary is 

R 
Vout = t = Va 

and the actual output voltage is 

npRg 
€ Ra+ Rg 
The stage gain K, at the resonant frequency &,, is 





Vout =V (2.37) 





V i n 
Ky = 2 = 6 = ra (2.38) 


If R,= oo, then R= œ, and Ka = ny. 

The gain at lower frequencies other than the resonant frequency 
Q, may be determined by applying Thévenin’s theorem. This 
will give the circuit of Fig. 2.34a, which is then transformed 
into that of Fig. 2.36 where 
RaR 
Reg Ra+Rg 

Applying the usual stage analysis to the circuit of Fig. 2.36, 
we obtain the following expressions for the gain and frequency 





Fig. 2.35. Equivalent cir- Fig. 2.386. Equivalent 
cuit of an amplifier at reduced circuit 
resonant frequency 
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distortion in the low-frequency range: 


TE Ey | 
y ( Re) +( aE) 
and (2.39) 
OaS, [ RaR N 1 
mM + Griz) ( a) 


Once the frequency distortion M, is found, ‘ is an easy mat- 
ter to determine the necessary inductance L, of the primary 


RaRg Req 
RatRe2;)V M1 QV M1 


If R; is very high or is not provided, the equation for L, 
becomes more convenient for computation 


L.= (2.40) 


R, 
L= Pa (2.41 
t QV M1 ) 


In the high-frequency range the stage equivalent circuit (see 
Fig. 2.34b) is a series resonant circuit whose capacitance is 
shunted by Rg. 

At Q=Q,,. or the upper resonant frequency, voltage reso- 
nance takes place in the resonant circuit. This causes a sharp 
increase in the voltage across the resonant circuit and in the 
output voltage. The frequency-response characteristic for this 
frequency range will have a sharp peak (Fig. 2.37). 

Neglecting the effect of R,, an approximate value of the reso- 
nant frequency may be found from the usual equation 


Q 





~ —— .42 
ne (2.42) 
At frequencies higher than the resonant frequency, the gain 
falls off sharply. The rapid fall-off of the gain at these frequen- 


Fig. 2.87. Frequency-response 
characteristic of a transformer- 
coupled amplifier 
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cies is caused by the fact that the current in the circuit and 
the reactance of C are reduced simultaneously. Therefore, the 
bandwidth of a transformer-coupled amplifier in the high-frequ- 
ency range is actually limited to the upper resonant frequency {2,,,. 
In approximate form, the frequency-response characteristic is 
shown in Fig. 2.37. The sharp peak on the frequency-response 
characteristic may be flattened by decreasing the value of R,. 
However, it should be kept in mind that reducing R, will not 
only improve the frequency response, but will also lower the 
stage gain K. Because of this, R, is selected to have a value of 
0.1 to 1 megohm. When a reduction in gain is undesirable, the 
circuit parameters are selected in such a way that the resonant 
frequency ,, will lie outside the operating range of frequencies 
(the dashed line in Fig. 2.37). 


Review Questions 


1. How will the shunting of the transformer primary with a 
resistance affect the gain? 

2. How will a resistive shunt across the transformer primary 
affect the frequency response of the amplifier? 

3. Can the instantaneous anode voltage be higher than the 
anode supply voltage? 

4. When can the stage gain be greater than the amplification 
factor of the valve? 

5. How will the frequency response of an amplifier be affected 
by the replacement of its triode with a pentode? 


SUMMARY 


1. An audio-frequency amplifier operates in the range from 16 
to 20,000 hertz. 

There are two basic types of audio-frequency amplifiers, vol- 
tage and power. 

2. Amplification distorts the waveform of the signal. Distortion 
is caused by the non-linear and reactive components present in 
the amplifier. 

3. The RC-coupled amplifier is most commonly used in vol- 
tage amplification. It is simple and inexpensive and has high 
performance. 

4. The gain of an RC-coupled amplifier depends on the valve 
parameters and anode load resistor. 
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5. The gain of a transformer-coupled triode amplifier may be 
higher than the amplification factor of the valve. The frequency- 
response characteristic of such an amplifier sharply falls off in the 
low- and high-frequency ranges. 


w Problems 


2.1. The input voltage of an amplifier is 1 millivolt, and its 
output voltage is 15 volts Determine the gain K and express it 
in decibels. 

Answer: K = 15,000, K 4, = 83.5 db. 

2.2. Express the gain K=15; 200; 450; 3,000; 15,000 in 
decibels. 

Answer: K= 23.56; 46; 53; 69.5; 83.5 db. 

2.3. Find the total gain of a three-stage amplifier and express 
it in decibels, if K,=50, K,=50 and K,= 20. 

Answer: K,=50,000; Ky, =94 db. 

2.4. What will be K, of the first stage of a two-stage ampli- 
fier, having a gain of Kaæ= 66 db, if the gain of the second stage 
is K,=40? 

Answer: K, =50. 

2.5. A four-stage amplifier has a gain of Ky,=80 db. The in- 
put voltage is 2 millivolts. 

What will be the output voltage of the amplifier and the out- 
put voltage of each stage if the stages have the same gain? 

Answer: Vout = 20; K= 10,000; V,,.,=20 millivolts; Vont = 
= 200 millivolts; V at= 2 volts. 

2.6. The midband gain is K,=50, while K, = 42 and K, = 45. 

Determine the frequency distortion M, and M, and express it 
in decibels. 

Answer: M,=1.19; Mı a= 1.5db; M= 1.11; Ma a = 0.82 db. 








CHAPTER III 
AUDIO-FREQUENCY 
POWER AMPLIFIERS 





11. General 


A power amplifier is one designed chiefly to supply the signal 
to a load at the required power level. 

Power amplifiers are usually employed as output stages in ra- 
dio receivers, rediffusion amplifiers, motion-picture sound ampli- 
fiers, test amplifiers, radar, aircraft radio equipment, etc. 

The power output of such amplifiers varies irom a few tenths 
of a watt to tens of kilowatts. 

The levels of voltages and currents in power amplifiers consi- 
derably exceed those encountered in voltage amplifiers. Voltage 
amplifiers commonly use only a small part of the valve charac- 
teristic. In power amplifiers the general trend is to use the valve 
characteristic as fully as possible. This, of course, leads to a 
considerable increase in non-linear distortion. 

It often happens that a power amplifier operates within the 
region of positive grid-voltage values. In this case the grid draws 
current and the grid circuit dissipates power. This means that 
not only the final amplifier but also the driver (penultimate) 
stage has to be a power amplifier. The driver may account for 
3 to 5 per cent of the power output of the final stage. 

The operating conditions of a power amplifier depend on the 
nature and magnitude of the load. In the general case, the load 
is an impedance. At the high frequencies, it will be reactive in 
its effect. At the midband frequencies, the load is mainly resis- 
tive. In the subsequent discussion, the load will be assumed to 
be purely resistive. 

Whatever the effect of the load, it is possible to select the 
operating voltages (grid bias and signal-voltage amplitude) so that 
anode current may be caused to flow in the valve during the 
complete cycle of the input voltage or during any fraction of it. 
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Fig. 3.8. Graphic represen- 
tation of Class B, operation 
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The period, measured in electrical degrees, during which the 
valve conducts is called the operating angle. Very often it is 
measured from current maximum to cut-off, and is called the 
cut-off angle, defined as 


6=Q(t,—t,)/2 


In both cases, the grid may or may not draw current or, which 
is the same, the grid may or may not be driven positive. 

For convenience, all these forms of operation have been assig- 
ned letter symbols with numerical subscripts as follows. 

(1) Class A. The anode current flows during the complete 
grid-voltage cycle. Fig. 3.1 shows Class A, operation, where 
the subscript “1” means that the grid does not go positive and 
draws no current. This happens because the valve is biased into 
the linear portion of its transfer characteristic. If the bias were 
not so large, the grid would go positive, grid current would 
fiow, and the operation would be Class A,. 

(2) Class B (Figs. 3.3 and 3.5). The grid bias is set at the 
current cut-off point. Very often the grid-input voltage is neces- 
sarily quite large, and the grid is driven slightly positive so 
that grid current is flowing, producing Class B, operation 
(Fig. 3.5). Obviously, the valve partly operates in the non-linear 
portion of its characteristic. The operating angle is 180°, and 
the cut-off angle, 90°. 

(3) Class AB. The grid bias is higher than for Class A ope- 
ration and less than the cut-off bias required for Class B. The 


ly 





Fig. 34 Graphic re- Fig. 3.5. Graphic representa- 
presentation of Class tion of Class B, operation 
AB, operation 
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Fig. 3.6. Transformer-coupled 
power amplifier 


cut-off angle is from 120° to 130°. If the grid does not go posi- 
tive, the operation is Class AB, (Fig. 3.2). If it does the operation 
is Class AB, (Fig. 3.4). 

It should be noted that low-power amplifiers are nearly al- 
ways Class A, circuits. 

Class B operation is confined mostly to push-pull (two-valve) 
amplifiers where it provides for high efficiency and high power 
output, which fact makes it especially suitable for high-level 
and battery-operated equipments. It might be used in single- 
ended (single-valve) amplifiers, but non-linear distortion would 
be prohibitive. 

Power amplifiers may also be classed according to the method 
of coupling the anode circuit to the load. The most popular 
method is transformer coupling (Fig. 3.6). 


Review Questions 


1 Why is it that in Class A operation non-linear distortion 
is lower than in Class B operation? 

2. Can readings of a milliammeter in the anode circuit give 
a clue as to the class of operation? 

3. In which class of operation is the anode dissipation in the 
no-signal state greater? 


12. Analysis of a Single-ended Triode Power Amplifier 


As will be recalled, triode valves have fairly linear characte- 
ristics. This linearity makes the triode characteristics a conve- 
nient tool for analytical calculation of optimum operating con- 
ditions for a power amplifier, and simplifies stage analysis. 

The key factor governing the operating conditions of a power 
amplifier stage is the load resistance. It affects the power output 
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Fig. 8.7. Simplified equivalent circuit 
o, a power amplifier 





of the stage, efficiency, non-linear distortion, and other characte- 
ristics. 

Let us see how the load resistance affects the power output 
of an amplifier by reference to the midband equivalent circuit 
of Fig. 3.7. 

The power P in the load R} is given by 


P=; MR. (3.1) 


where J, is the amplitude of the first-harmonic anode current. 
As follows from the equivalent circuit, the amplitude of the 
first-harmonic anode current /, is given by 


2 uVe : 
L =R, FR, (3.2) 


Substituting Eq. (3.2) in Eq. (3.1) gives 


= l pV, 2 eat 2 R; 
P=+ (RER) Ri =x VER TRI? 





Placing R, outside the brackets in the denominator and put- 


R 
ting p = we have 
a 


_ 1 wvg a ; 
P= DR, FaF (23) 


Now we determine the value of œ for maximum power frans- 
fer to the load. 
Assume that the amplitude of the grid voltage is constant 


and independent of a. 


3~487 
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Writing out the derivative dP and equating it to zero gives 








a 
dP_p, [1 wVe « S 
a=. = |a R ora] =? 
za a |'=0 
2 Ra (OF) — 
| a y Ut- alta _ 6 
E E (+a) 
l—o’?=0 
a=+ 1 
The value a@=—1J1 is meaningless. Therefore, we drop the 


“—” sign and conclude that maximum power transfer will occur 
when «=1, that is, when’ R =R, This fully checks with the 
maximum power transfer theorem which states that in a circuit 
where a generator, with internal resistance Rc, feeds power to 
a load, with impedance R, (no net reactance in either), maxi- 
mum power will be supplied to the load when R, is equal 
to Rg. 
Substituting the optimum value of œ into the power equation 
of the amplifier, we have 
_ Wve 
P max = §R- (3.4) 


In determining the optimum value of a, we assumed that the 
grid voltage amplitude is constant and the voltage is indepen- 
dent of æ. Such an assumption is, of course, arbitrary. 

The load resistance also governs the maximum signal voltage 
that may be applied to the grid. Referring to the dynamic 
transfer characteristic which represents the “with-signal” opera- 
tion of the valve, we note that the linear portion of the curve 
grows longer as the load resistance is increased. The longer 
linear portion of the curve means, however, a higher maximum 
input (grid) voltage. 

The last point is particularly important in Class A, opera- 
tion, because the operating region of the curve is then fully 
within the area of negative grid-bias values. 

However, there is a set-back to the advantage. As the load 
resistance is increased, the amplitude of the first-harmonic cur- 
rent decreases. With a limited supply voltage E,, this may 
reduce the power output of the amplifier. This suggests that in 
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cases where the amplitude of grid voltage is likely to vary, the 
conditions for maximum power transfer to the anode load are 
different. 

Detailed analysis would show that for maximum power transfer 
the anode load resistance should be 


Ri =2R, 
or 
G@=Rr/R = 2 


The efficiency of an amplifier operating under optimum condi- 
tions is 
Valay/2 


Ealo 


where P,=signal power applied to the input (grid) 
P = power furnished by the supply source 
V,=output (anode) voltage 
Ia = output (anode) current 
E,=anode supply voltage 
[I = direct component of anode current. 
In terms of the anode supply voltage and the anode efficiency, 
the amplitude of the a.f. voltage is given by 


Va =5E, 
where € is the anode efficiency whose value for a.f. amplifiers 
is 0.3 to 0.5. 
In terms of the alternating anode current and the minimum 


value Jamin the direct component of the anode current is defi- 
ned as 


n= L/P = (3.5) 


lo= lat lamin = la (1 +8) 
where 


B = laminll a = (approx.) 0.15 to 0.2 
Substituting the expressions for V, and /, in Eq. (3.5) gives 


Eglail2 ' : 
m= P/P, = Bey ergy = 0.5 = 2 + (1 + 0.2) = (approx.) 0.2 


Under no-signa] (quiescent) conditions, all power furnished by 
the anode supply source is dissipated by the anode as heat 


P, =P, = Psin = 5P; (3.6) 
37 
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Fig. 8.8. Plot of non-linear 
distortion as a function of a 
in a triode 





This relation between power output and anode dissipation is or- 
dinarily used when selecting valves. 

In conclusion, let us see how the load resistance affects non- 
linear distortion. 

It has been pointed out that increasing the load resistance 
extends the linear part of the dynamic transfer characteristic of 
the valve which, in turn, reduces non-linear distortion. 

An approximate plot of non-linear distortion as a function of 
a appears in Fig. 3.8. 

Maximum power transfer is obtained with a=2. Yet, in mo- 
dern triode amplifiers, æ is selected to be 3 or 4, although this 
entails a decrease of 10 to 12 per cent in power output. This 
reduction in power output is more than offset by reduction in 
non-linear distortion. 

However, it should be kept in mind that an increase in the 
load resistance should be accompanied by an increase in the 
signal voltage, negative grid bias, and anode supply voltage. 
Therefore, when E, is limited, preference has to be given to 
C= 2, 

The load impedance Z, of the amplifier may differ conside- 
rably from the optimum value of the anode load resistance RL. 
To secure an impedance match between Z, and the anode cir- 
cuit, an output matching transformer is provided at the ampli- 
fier output. The load impedance, connected in the secondary 
winding may be reflected into the primary winding in such a 
way that 


a 


+ Z 
, Z= =R opt 
This is why transformer coupling (Fig. 3.6) is the most com- 
monly used arrangement in power amplifiers. 


Review Questions 


1. Can a dynamic speaker be directly connected into the anode 
circuit of a valve? 








AUD!10-FREQUENCY POWER AMPLIFIERS 69 


2. Why is the efficiency of a Class A, amplifier always less 
than 50 per cent? 
3. Name the methods for reducing non-linear distortion. 


13. Frequency Response of the Final Stage 


Consider the final stage of Fig. 3.6. Its equivalent circuit 
referred to the primary circuit is exactly the same as shown in 
Fig. 2.32. 

Simplified equivalent circuits of the stage for the various fre- 
quencies of the range are shown in Fig. 3.9, where 





Ria=R tn tr =R, +2r (3.7) 
Zz, = (3.8) 

Ly= Ly += (3.9) 

Vous = out (3.10) 

n = (3.11) 


To determine frequency distortion, let us find the stage gain 
in the various frequency ranges. 
The midband gain is 








Vout nv: 
K pao 0 z out 
eeey ey; 
where Vou (see Fig. 3.9b) is 
j 
Vou = pV, = 
=p TETA 





Fig. 3.9. Simplified equivalent circuits of the output stage 


(a) for low frequencies; (b) for midband frequencies; (c) for high frequencies 
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A 


Substituting the expression for Vow in the equation for the 
gain gives 

Zz, 
Ri+Z), 

Next, we apply Thévenin’s theorem to the equivalent circuits 
of Fig. 3.9a and b, and find the stage gain at the low and high 
frequencies of the range. The modulus of the gain at the low 
frequencies is given by 

1 


kake (3.13) 
eq 


V (aE) 


The modulus of the frequency distortion in the low-frequency 





K= ny (3.12) 








range is 
eae 
where 
RZ. 
=a 3.15) 
Rea Be (3.15) 


The modulus of the gain in the high-frequency range is 


l 
pker r 
(az) 


The modulus of the frequency distortion in the high-frequency 


range is 
QaL 2 
; y HRZ) (3.17) 


As seen from Equation (3.14), the frequency distortion at the 
low frequencies depends on L, and R,,. Hence, if the frequency 
distortion is specified in advance, it is easy to find the necessary 
inductance of the transformer primary from the known load 


L KER 
me Q V mi l 
However, it should be borne in mind that a reduction in the 


load, although this brings down frequency distortion, may dec- 
rease the output voltage and power output of the stage. 


(3.18) 
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The frequency distortion at the high frequencies depends on 
the leakage inductance L, and the load impedance Z,. If Z, is 
specified in advance, the frequency distortion may be reduced 
only by lowering the leakage inductance. 

In conclusion, we shall discuss the electrical properties of the 
stage output transformer. 

The power P, due to the alternating component of the current, 
is dissipated as heat by the anode load resistance R, which is 
the sum of the output load impedance referred to the primary 


circuit, Z}, and the resistances of the transformer windings: 
R =Z, +r, ty =Z, +27, = +20, (3.19) 
l 1 , 


where J, is the amplitude of the first-harmonic anode current. 
The power dissipated in Z, is the power output of the stage 


Pont =5 IZ. (3.21) 


The power P, dissipated in the resistance of the windings is 
wasted as heat by the transformer 


Pray Rtr) (3.22) 


The power dissipation of the transformer is evaluated in terms 
of m, the efficiency of the transformer, 


ES 





27" , 
jes st ne =o fl (3.23) 
z (ZL + 2n) L+ 24 
Noting that 
2r, +Z.=R, 
Equation (3.23) may be rewritten as follows: 
y= Ae (3.24) 


The efficiency of a transformer depends on its power rating. 
Table 3.1 gives approximate values of efficiency for transformers 
of different power ratings. 
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TABLE 3.1 
Power output, Pout watts | <5 5 to 100 > 100 
Transformer efficiency, ng 0.7 to 0.8 0.8 to 0.9 | 0.9 to 0.95 














Equation (3.24) and Table 3.1 may be used for determining 
the permissible resistance r, of the transformer primary winding 
and the turns ratio n as follows. 

Solving Equation (3.24) for r, gives 


r= Se (in) (3 25) 


Substituting Eq. (3.25) in Equation (3.19) and solving it for n 
yields 


Z Z 
R, = 42r, = b+ 2 RE (Im) 
Hence, 
== ZL. 


If Z, is lower than R, the turns ratio n will be less than 
unity, i.e. the output transformer will be of the step-down type 


N 
n=7, S l N, <N, 


A step-down transformer can match a low load impedance to 
the anode circuit of a valve having a considerable a.c. anode 
resistance Ra. 


Review Questlons 


1. Does the a.c. anode resistance of the valve affect the fre- 
quency response of the final stage? 

2 How can high-frequency distortion be reduced? 

3. How can the efficiency of a transformer be raised? 

4. When can the output transformer be a step-up one? 


14. Design of a Triode Power Amplifier 


Using the stage analysis presented above, we can readily select 
the type of valve and operating conditions for an amplifier 
answering a particular specification. 
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Given: 


l. Power output, Poat: 

2. Output load impedance, Z,. 

3. Frequency range, F,-F,. 

4. Limits of frequency distortion M, and M, at the limiting 
frequencies of the range. 

Ə. Limits of non-linear distortion y. 


To Find: 


1. Type of valve. 

2. Anode load resistance, R}. 

3. Amplitude of the alternating comportent /, of the anode 
current. 

4. Maximum (/,,,,) and minimum (/,,,,) anode current. 

ö. Grid bias voltage E, and signal-voltage amplitude V,. 

6. Direct component lade, of the anode current. 

7. Anode supply voltage E, and power P,. 

8. Anode dissipation, P,. 

9. Resistance of the transformer primary winding, ry. 

10. Cathode resistor R,. 

11. Inductance of the transformer primary winding, L}. 

12. Leakage inductance, L,. 

13. Turns ratio, n. k 


Design Procedure: 


l. Referring to Table 3.1, find the transformer efficiency and 
determine the available power of the stage 


P — Pout 
Nt 


2. Determine the expected anode dissipation 
P,=(5 to 6)P 
and select a valve from a valve manual such that 
P a SP a (safe) 


where Po isaze, iS the safe maximum anode dissipation. 
3. Find the anode load resistance for the expected value of œ 


R, = aR, 
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4. Determine the amplitude of the alternating anode current 
2P 
l = R; 


5. Calculate the maximum and minimum values of the anode 
current 


Imax = lo +l 51, (1+$)+/7,=1, (2+ 8) 
I =/,—1,=6/, 


where p =0.15 to 0.2. 

6. Plot the a.c. load line. For this purpose, lay off Imas on 
the current axis of the anode characteristic (Fig. 3.10) and draw 
a straight line parallel to the voltage axis until it cuts the curve 
E.=0. The intersection (A) is one point of the a.c. load line. 
Drop a perpendicular from point A to the voltage axis. The seg- 
ment OA’ represents the minimum anode voltage eg min 

From point A’ lay off the segment A’B’ 

A'B' =2V,=21,R;. 

The segment OB’ represents the maximum anode voltage es mas 

From point B’, erect a perpendicular until it cuts the line /,,,, 
at point B. Connecting points A and B will give the a.c. load 
line AB of the valve. 

Find E, min from the valve characteristics. 

7. Find the bias voltage and the signal voltage amplitude 


—y — lEganin| 
(£,\=V,=— 


min 


Laying off E, on the load line, locate the operating point Q. 


Fig. 3.10. Graphic calculation 
of a triode power amplifier 
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8. Determine the direct component of the anode current (this 
component is represented by the intercept OE on the current 
axis) and find the direct anode voltage Ea ao (represented by OD). 

9. Find the anode dissipation for the quiescent (no-signal) state 

P= Ezale ao S Pa isa fe) 


which is represented by the area of rectangle OEQD. The power 
output is represented by the area of triangle AE’Q. 
10. Determine non-linear distortion y: 
1 a—b 
Ve= 3 ob 
__ l (a+6)— 2c 
a= > a+b+c 
v=V V+ < Viim 
If the non-linear distortion y turns out to be greater than the 
specified limit, select a higher value of B or increase the anode 
load resistance R, and carry out the calculation anew. 
11. Find the resistance of the transformer primary 
1—n 
2 


12. Find the anode supply voltage 
E= Eao t laastit iE] 
If the bias is supplied from an external source, 
E,= E, do t l; do fi 


13. Calculate the bias resistor R, and the power it will dissi- 
pate; the resistor type is selected according to this power. 
14. Find the inductance of the transformer primary 


Req 
L =— 
QV Me—1 


R oes Rı (Rat 2r) 
ea RF Ra FY, 


15 Find the maximum leakage inductance 
Rat Zi pas 
D= oy LV M?—1 
16. Calculate the turns ratio 





r,=aR, 


where 





AL, 


eT Rint 
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15. Single-ended Pentode Power Amplifier. 


Low-power amplifiers and the output stages of radio receivers 
frequently employ audio-frequency pentodes and beam-power tetro- 
des having the properties of pentode valves. 

Pentodes and beam-power tetrodes are more sensitive than 
triodes. In pentode amplifiers the a.c. grid voltage necessary to 
obtain the required power in the anode circuit is one-half to 
one-third of what it is in amplifiers employing triodes. Therefore, 
pentode amplifiers may have fewer stages. 

The high sensitivity of pentodes is attributed to the higher 
mutual conductance g, and the higher amplification factor p, as 
compared with triodes. 

The provision of a screen grid held at constant potential con- 


siderably improves the anode voltage efficiency E=. which in 


pentodes is 0.65-0.75 as against 0.3 to 0.5 in A The 
anode current efficiency B of pentodes is about the same as that of 
triodes. This is why the efficiency of a pentode stage is conside- 
rably higher than that of a stage employing a triode 


=E= ZE —p) 


In a pentode amplifier, Ẹ=0.65 to 0.75; p =0.2 to 0.3; and 
y=0.22 to 0.28. 

The overall efficiency of a pentode amplifier is about 0.26. 

The higher efficiency of an amplifier reduces the power drawn 
from the anode supply source and anode dissipation in “no- signal” 
operation 


P 


P 
=P, => 
a max 0 n 
Assuming n= 0.25, then 
P= 4P (3.27) 


In triode amplifiers, at a=—2 to 4, the anode dissipation is 
considerably greater: 


P, =3P Ht (4, 5 to 6)P 


Thus, a pentode power amplifi¢r is more sconna fai 
a triode amplifier. 











Fig. 3.11. Diagram for valve operation at different values of anode load 
resistance 


Pentodes have a smaller transfer capacitance, which fact pro- 
vides for better stability of operation. However, pentodes have 
certain disadvantages of their own. For one thing, their anode 
characterist’cs are extremely non-linear, and this leads to greater 
non-linear distortion. 

In triode amplifiers, non-linear distortion usually decreases as 
the anode load resistance is increased. In a pentode, an increase 
in the anode load resistance is accompanied by a considerable 
increase in non-linear distortion. This is attributed to the fact 
that, as R; is made higher, the slope of the dynamic load line 
is reduced, and the pentode amplifier operates within the non- 
linear portion of the characteristics. In Fig. 3.11, this condition 
is represented by the line AA’. 

A low anode load resistance also considerably increases non- 
linear distortion because the slope of the dynamic load line 
increases too much (line BB’). With this type of load line, 
the positive half-cycle of the grid voltage causes considerably 
greater changes in the anode current than the negative half-cycle. 
As a result, the sinusoidal voltage applied to the grid brings 
about non-sinusoidal changes in the anode current. 

For each type of pentode and beam-power tetrode, it is pos- 
sible to select a value of anode load resistance, R; = R; opt» Such 
that changes in the anode current will be symmetrical (line CC’). 
The optimum anode load resistance R; ppt is given in the valve 
manual. 

Another important disadvantage of, pentode amplifiers is increa- 
sed frequency and non-linear distortion at. the high frequencies. 
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In triode amplifiers, the frequency response curve usually falls 
off sharply (representing a loss of gain) at the high frequencies 
due to the leakage inductance. In pentode amplifiers this does 
not happen because the a.c. (dynamic) anode resistance is hun- 
dreds of thousands of ohms 


Q,L 2 
=1/ 1 oi) = | 
M, ese = 


where 
R, > QL, 


More specifically the frequency and non-linear distortion in a 
pentode amplifier is attributed to the reactive component of the 
load. As already noted, at the high frequencies the load is an 
impedance such that 


Z= Rz -+ jQ,L2 


where Q,Lz is the inductive component of the load impedance due 
to earphones, a loudspeaker, etc. 

Figure 3.12 shows the high-frequency equivalent circuit of the 
final stage where R, and L, are such that 


Z ; 
R,=ZL+ 2h, = tnt 
Lz 
ne 


L, = 


As the signal frequency increases, the anode load impedance Z, 
increases, too 


Ż, = R; + jQ,L, 


and the output voltage of the stage also increases. This is an- 
other way of saying that at the high frequencies, the frequency 
response curve goes up and not down. 


Fig. 3.12. High-frequency equivalent 
circuit of the output stage 
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In triode amplifiers, too, the anode load increases at the high 
frequencies, but we have disregarded this because (1) the leakage 
inductance has a greater effect, and (2) a triode amplifier may 
be regarded as a current source with a low internal resistance. 

If the load impedance is much greater than the a.c. anode 
resistance of the valve (in our case, a=2 to 4), changes in the 
load impedance will affect the output voltage very slightly. 

A pentode amplifier is a current source with a high internal 
resistance. Therefore, the anode current is chiefly determined by 
the a.c. anode resistance and much less by the anode load 
impedance 





I= Ve Ve 1 „We 
1 R Z Z, Ra 
at L a pai 
Ra 
since 
a 


In other words, an increase in the anode load impedance at 
the high frequencies will not change the value of /,. 

It is readily seen that a higher output voltage will correspond 
to a larger anode load impedance 

Vie = [,Z, 

Non-linear distortion at the high frequencies is also attributed 
to an increase in the equivalent impedance of the anode load. 
The modulus of the equivalent impedance becomes greater than 
the optimum value Ropt and non-linear distortion rises as explai- 
ned above. As a counter-measure, pentode amplifiers incorporate 
a compensating RC network which keeps the load impedance con- 
stant (i.e. independent of the signal frequency) at the high 
frequencies. 

Figure 3.13 shows an amplifier with a compensating network 
and also an equivalent circuit of the amplifier. According to 
alternating-current theory, if in this circuit 


the equivalent impedance will be constant at any frequency and 
numerically equal to R,. This is called “perpetual resonance”. 
However, when R,=R,, the resistor will dissipate a considerable 
part of the amplifier power output. 
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(a) 
Fig. 3.13. Pentode power amplifier with a compensating network (a) and its 
equivalent circuit (b) 


To decrease the losses in R,, it is usually made slightly larger 
than R, 


R,=(1.5 to 2)R, 


The effect of a compensating network may be explained as 
follows. 

At the low frequencies, the reactance of C, is high, and the RC 
network does not shunt the load impedance. At the high frequen- 
cies, the reactance of C, decreases, and R, shunts the load, thereby 
compensating the increase in Z,. 

The components for a compensating network are given by 


Cab (3.28) 
where 
L 
Lı SF L; F -= 


and. 
R.=(1.5 to 2)R, 


Review Questions 


1. Why do the final stages use beam tetrodes and pentodes? 

2. Explain why a pentode amplifier has a higher efficiency. 

3. Why is the leakage inductance of the output transformer 
greater in a pentode than in a triode amplifier? | | 

4. Why is.it that R; < R, in a pentode amplifier? 

5. Explain why the gain of the early stages is lower when the 
final stage uses a pentode or a beam tetrode. 
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16. Design of Class A Pentode and Beam Tetrode Power Amplifiers 


An important point about the design of a pentode amplifier is 
that one has to allow for the non-linearity of the valve charac- 
teristic and the effect of operating voltages (grid bias and sig- 
nal-voltage amplitude) on its parameters. Because of this, it is 
difficult to idealise the characteristics and calculate the stage 
analytically: Instead, a pentode amplifier is calculated graphi- 
cally. , 
The graphic method, just as any graphic method, is not pre- 
cise. Yet, the results are sufficiently accurate for most practical 
applications. 


Given: 


1. Power output, Poat- 

2. Load resistance, Zz. 

3. Load inductance, Lz. 

4. Frequency range, F,-F,. 

5. Frequency distortion M, and M, at the limiting frequencies 
of the range. 

6. Non-linear distortion y. 


To Find: 
1. Type of valve and anode supply voltage, Ego. 
2. Signal voltage, V,. 
3. Grid bias voltage, Eg- 
4. The direct component of anode current, laac 
5. Anode dissipation, Pa- 
6. Resistance r, of the transformer primary. 
7. Self-bias (cathode) resistor, R,. 
8. Inductance of the transformer primary L,. 
9. Turns ratio, n. 
10. Parameters of the compensating network, R, and Ce. 


Design Procedure: 
1. Find the power output of the valve 


p = Pout 
Nt 
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The value of n, is selected from Table 3.1. 
2. Find the anode dissipation 


P,=4P 


3. Referring to a valve manual, choose the type of valve sa- 
tisfying the condition 


Pa max => Pa 


4. Find imax and calculate the approximate value of the d.c. 
anode voltage. 

For a pentode in Class A operation, the total instantaneous 
anode current is a maximum, imax, when the instantaneous grid 
voltage, e,, is zero. This current may be easily found from the 
pentode characteristics of Fig. 3.14. 

In terms of peak anode current and peak anode voltage, the 
power output of the amplifier is 


P=5Val, (3.29) 
As seen from Fig. 3.14, 


bax = laot A 
where 
l 
atdo TTZ B 


I 


Substituting aao and solving the equation for I, gives 


1—ß. 
I, = 32$ inar 
In pentodes, B = (0.2 to 0.3), and so 
I, 0.410. 
As is known, 
V,=£6, 


where § =0.65 to 0.75. 
Substituting the values of /, and V, into Eq. (3.29) gives 


P=% Vl, =+0.65E, x 0.41 


Finally, in terms of inay and E,, 


Max 


P ex Fainas (3.30) 
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Eg 
Fig. 3.14. Graphical method Fig. 3.15. Graphical met- 
for determining the maxi- hod for determining grid 
mum value of total instan- voltage 


taneous anode current 


The values of E, maxs Pamax and ing, and the approximate 
values of anode load resistances R, for the most commonly used 
Soviet pentodes and tetrodes are given in Table 3.2. 


TABLE 3,2 


et Sr 














Valve type Valve Ea maz Pa max imas: A RL, ohms 
202M Pentode 200 2 24 20,000 
201 Beam tetrode 100 1.5 20 10.000 
6N3C Beam tetrode 400 20 150-180 2,500 
6m6C Beam tetrode 300 13 100 6,500 
6T19 Pentode 300 9 60 10,000 
enin Beam tetrode 300 12 100 5,500 
301C Beam tetrode 120 6 100 1,800 
6r113C Beam tetrode 200 14 150 5,000 
61401 Pentode 250 12 130 5,200 
6n 15! Pentode 300 12 60 8,000 
6riisrl Pentode 300 12 160 2,500 


i 


Once the total instantaneous anode current is known, it is 
possible to determine the required total anode voltage 


E, = P 


lmax 





5. Find the bias voltage E, and the signal-voltage amplitude 
Vg graphically, employing an idealised transfer characteristic 
i,=[(e,) of the valve (Fig. 3.15). 
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Place the Q-point in the middle of the idealised transfer cha- 
racteristic and determine E,. Then 


_ Eg 
gg. 2 


Assume that the signal-voltage amplitude is equal to the bias 
voltage or is slightly below it ` 


Ve<IE,| 


The idealised transfer characteristic coincides with the linear 
part of the static transfer characteristic. Therefcre, E may be 
defined as 

' j bmax. 
|E, ]= "a2 

Hence, 

[E,|=V, = gee (3.31) 

6. Determine /,.,.) from the characteristic of Fig. 3.14 and 
check to see that 


Pa = Eal ado <P 


7. Plot the a.c. (dynamic) load line of the valve and deter- 
mine the anode load resistance R,. If the calculated operating 
conditions are close to those recommended in the valve certifi. 
cate, the anode load resistance R, may be looked up in the 
manual. If the calculated operating voltages considerably differ 
from the recommended ones (which is usually the case when the 
valve is underrated), the optimum anode load resistance R, 
should be determined graphically. For this purpose, place a ca- 
librated straight-edge on the family of anode characteristics and 
rotate it about the selected operating point (Fig. 3.16) until the 
segments a and 6 are equal. This indicates that anode-current 


a max 





Eg= Y2 V; 
ige 2 





Fig. 3.16. Diagram for graphical 
‘determination of the operating 
point 
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changes are symmetrical, i. e. the second-harmonic anode current 
is at its lowest. Marking this position of the straight-edge by 
points on the characteristic, find graphically the amplitude of 
the first-harmonic current, the amplitude of V,, an approximate 
value of the power output, and the anode load resistance 


l 
P=7 lVe 
Va 


The power output is approximately represented by the area 
of triangle ABD 
ABx BD 


l 
P=5 IVa= 2 





If the obtained power output is less than is required, slightly 
increase the anode supply voltage E,, and, sometimes, the grid 
voltage (V, and E,), and determine the new values of currents, 
voltages and power out ut. 

8. Find the non-linear distortion 

1 2c—(a+6) 
Y=¥3= atoto 


If. the obtained value of y exceeds the specified one, slightly 
reduce the a.c. grid voltage amplitude. 
9. Calculate the anode load resistance 


— Va 
R; — h 
10. Find the resistance of the transformer primary 
R 
n= D (1 — 1) 
11. Determine the value of the self-bias resistor 


— lel __ 
Re Ta(dey + l ge 


The screen-grid current I,, should be looked up in the ma- 
nual or determined from the valve characteristic. 
12. Find the anode supply voltage 


E, sup — Eat laa" +| E,| 
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13. Determine the equivalent resistance 


= R; (Ra +2r3) x 
Rea Re Ra For = Ri 


because R, > R}. 
14. Calculate the inductance of the transformer primary 


a 
Q,V Mi—1 
15. Find the leakage inductance 
= Ra + RL 
Q,V M1 
16. Determine the turns ratio 


= | Z 
j V a 
17. Calculate the parameters of the compensating network 
R,=(1 to 2)R, 
L 
E Ls ta% 
e77 R2 








Example 3.1. Design a power amplifier to meet the following 
specifications: power output Pon = 2.25 watts; amplifier load 
Z,=5 ohms; load inductance Lz = 0.003 henry; frequency range 
F,=80 Hz, F,=6,000 Hz; limits of frequency distortion M,= 
=M,= 1.25; non-linear distortion y < 8%. 

Solution: 1. Assume that n,=0.75 and find the power to be 
supplied by the valve: 


2. Determine anode dissipation in the no-signal state 
P ,=4P =4x3= 12 watts 


3. Select a type 6NMl4I] pentode. Pentode specifications: 
V,=6.3 volts; /,=0.76 ampere; /,,=5 milliamperes; E a= 
=250 volts; g, =11.3 milliamperes/volt, p= 226; R,=20" ki- 
lohms; Pa max™= 12 watts. 
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Fig. 3.17. An example of graphical 
computation of an amplifier employing 
a type 6111411 valve 





4. Assume that i,,,=140 milliamperes and determine the 
anode supply voltage 
E.= 8P 8x3 


Ima 0.147 172 volts 


or, taking the nearest standard value, 200 volts. 
5. Find the grid bias voltage and the amplitude of the alter- 
nating grid voltage 


imax _ 140 
|El = g = airs & 6-18 volts 


Choose V,=\E,|=6 volts. 

6. Referring to the valve characteristic (Fig. 3.17) find the 
quiescent current, I aac) = 48 milliamperes. 

7. Plot the load line. From the line find /,=40 milliamperes 
and V, = 184 volts. 

Now find the power output of the valve 


P=4.V,1, = 4 1840.04 = 3.68 watts > Protar 





8. Find the non-linear distortion. To do this, determine a, b, 
and c from the dynamic load line: a= 22, b=22, c=27.5 


1 2c—(a+b) __ 1 2x27.5—(22+22) _ 0.077 


Y= 3 apbpe 2 2F2+N.5 
Ya = 7.7% <8% 
9. Find the anode load resistance 
Va _ 184 _ 
R= = 994 = 4600 ohms 
10. Determine the resistance of the transformer primary 


r, = R, = 4,600 3" =575 ohms 
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11. Find the resistance of the self-bias resistor 
|E,| 6 
Re = Togo tgs ~ GBH RIO = 113 ohms 
12. Find the voltage of the anode supply source 
E; sup Eat la aoli + | F; |= 200 + 0.048 x 575 +6 & 234 volts 
13. Calculate the inductance of the transformer primary 


— Ri(Ra+2rs) _ 4,600 (20,0004-2x575) _ 
ea R+ R, F2 4,600 420,0004 2x575 ~ 3,800 ohms 


R 
L, eq 3,800 


= —r = = 10 henrys 
oV m?—ı  6.28x80 V i25: 1 y 





14. Find the leakage inductance 


_ Rat Ri yfir y — 20.000-+ 4,600 zr 


15. Determine the turns ratio 


/ Z, 5- 
te VR V amo 0.75 = 0.038 
16. Calculate the parameters of the compensating network 
R,=2R,=2 x 4,600 = 9,200 ohms 





utig 0904 Eo 
C, = R? = 5,002 = 3-04 x 107° farad 


or, taking the nearest standard value, C = 0.03 microfarad. 


Review Questions 


l. Name methods for reducing non-linear distortion in a pen- 
tode amplifier. l 

2. Can the screen grid of a pentode or tetrode be connected 
directly to the anode? 

3. Why does an increase in the anode load resistance result 
in greater non-linear distortion? 

4. Can the power output of an amplifier be evaluated appro- 
ximately without detailed circuit calculation? 
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17. Push-pull Power Amplifier 


Amplifiers with a power output of 3 to 5 watts do well with 
a single triode, tetrode, or pentode arranged into a single-ended 
or single-valve circuit. Most a. f. amplifying valves are designed 
for such comparatively low power. 

_ In some applications, the power delivered by a single valve 

may be insufficient. In the absence of a valve capable of hand- 
ling a greater power, two or more valves may be used in parallel, 
that is, with the like electrodes connected together. Then two 
similar valves will have an anode current twice that of a single 
valve, while the anode resistance will be half of one valve. Thus 
the power output will be doubled. However, the direct anode 
current increases in the same proportion, posing additional diffi- 
culties in transformer design and introducing additional non-linear 
distortion. 

As an alternative, valves may be used in push-pull. Figure 3.18 
shows two valves connected in this way. The valves are fed from 
the previous stage by means of a transformer which has the 
centre tap of its secondary connected to earth (—E,). 





Fig. 3.18. Push-pull amplifier circuit Fig. 3.19. Waveforms in a push- 
pull amplifier 
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At any instant when the top terminal of the input transformer 
secondary is positive with respect to the centre tap, the bottom 
terminal of the secondary winding will be negative. 

The centre tap is connected to the valve cathodes via the 
grid bias source. Therefore, the signal voltages applied to the 
grids of V, and V, are separated by a half-period in time and 
by 180° in phase or, as is commonly said, they are in phase 
op position. 

Owing to this, an increase in the anode current in, say, V, will 
be accompanied by a decrease in the current in the other valve (V,). 
One half-cycle later the situation reverses. 

Figure 3.19 shows the curves relating grid voltages and anode 
currents. 

Let us determine how the anode currents of V, and V, affect 
the output transformer primary. We shall express the instantaneous 
current values in terms of a power series. The current through 
V, is then 


ia = latio + 1, cos Qt + I, cos 2Q¢ + Ty cos 3Qt-+... (3.32) 
and the current through V, 
i =I" ay +I, cos Q (t+) +7 cos 20 (1+3) 
+ I% cos 3Q (t+ 3) Si (3.33) 


where 7, is the period of the first-harmonic current. In terms 
of the first-harmonic period, the angular frequency of the signal is: 


2n 
BaT 


Substituting it into Eq. (3.33) gives 
(= Tata + Hi cos Fe (t+ F) + fy cos 224 
T ” 2 T 
x (t+) +lecos 3H (14-2) 4... 
sw ” is 2 a 
ia = la iao + [1 cos (Fett n) + I, cos (2 pet+2n) 
+ 13 cos (3 pt tan) +.. f 
1 
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Reverse substitution of = and the usual trigonometric 
relations give 


i = Tsay. + Li cos (Qt + n) + I, cos (2828 + 27) + I; cos (8Q¢ +37) 
i= 1’, ao — 1 cos Qt + I; cos 2Qt— I; cos 3Qt +... (3.34) 


Comparing Equations 3.32 and 3.34, the following conclusions 
can be drawn: 

(1) the first and third harmonics of the anode currents are 
180° out of phase; 

(2) the second and all other even harmonics of the anode currents 
are in phase. 

In the common anode supply wire connecting the positive ter- 
minal of the supply source with the centre-tap of the output 
transformer the instantaneous current is equal to the sum of the 
instantaneous anode currents through valves V, and V, 


i= ia tia 
Substituting the expressions for i, and ią from Equations (3.32) 
and (3.34) gives 


ia = lao + lao + Ui I) cos Qt + (13 + 13) cos 29t 
+ (1, —T3) cos 3Q¢ +... (3.35) 


If the valves have similar characteristics, i.e. if the stage 
arms are balanced, the like current components are equal 


leas =) oto R= ee kala ] ped ga sa 
Noting this equality, we finally obtain 
ia = 2l a acy + 2f cos 2QH 


Thus, when the amplifier arms are balanced, only the d.c. 
components and even harmonics of the anode currents flow in 
the common anode supply wire. 

Since no first-harmonic current appears in the anode supply 
circuit, the parasitic feedback usually taking place in a multi- 
stage amplifier through the internal resistance of the common 
power supply is reduced to a marked degree. This improves the 
stability of operation of the multistage circuit. 

The currents through the halves of the primary winding flow 
in opposite directions. Therefore, the magnetic flux due to the 
currents in valves V, and V, is proportional to the difference 
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between instantaneous currents i, and i 
O=A (i,— ij) (3.36) 


where A is a proportionality factor allowing for transformer design 
and the number of primary turns. 

Substituting the expressions for the currents from Equations 
(3.32) and (3.34) into Eq. (3.36) we get 


D = A (a ao — Ta ao) + A (i + Ti) cos Qt 
+A (I,—/{) cos 2Q¢ + A (I; +J3) cos 3Q¢t+... (3.37) 


For a stage with similar valves and a balanced primary win- 
ding Equation (3.37) reduces to 


D = 2A (/, cos Qt + 1, cos 3Q¢+ ...) 


Thus, when the amplifier arms are balanced the magnetic flux, 
and, consequently, the secondary voltage are solely controlled 
by the odd harmonics of the anode current. 

The direct components of the anode currents flowing in oppo- 
site directions establish magnetic fluxes around the primary win- 
ding, equal in magnitude and opposite in direction. 

In a precisely balanced circuit, the resultant d.c. flux is zero. 
The absence of d.c. magnetisation makes it possible to reduce 
the size and weight of the output transformer to a considerable 
degree. The resultant magnetic flux due to the even-harmonic 
currents which have opposite directions will also be equal to 
zero. Thus the voltages across the secondary terminals of the 
output transformer will be due solely to odd-harmonic currents. 

In the general case, according to Eq. (3.37), the magnetic flux 
due to even-harmonic currents is proportional to the difference 
in amplitude between the harmonics. Therefore, considerably wi- 
der limits may be specified for the non-linear distortion caused 
by the second-harmonic anode current, the strongest harmonic 
after the fundamental. As a result, the anode characteristic may 
be utilized better and the direct component, Iaa Of the anode 
current may be increased. 

The anode current efficiency ß may be close to zero in the 
push-pull circuit, and the relation 


4 =p 


lade 


may be close to unity. 
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A reduction in the direct component of the anode current causes 
a reduction in the power drawn from the anode supply source, 
and, consequently, improves the efficiency of the stage. 

A push-pull circuit may be Class A, Class AB, or even Class B, 
which cannot be with a single-ended circuit because of prohibi- 
tively high non-linear distortion (y= 30°/,). 

Because the arms of a push-pull amplifier are balanced in res- 
pect to the anode supply source, simultaneous changes in i, and 
i, due to the ripple in the supply voltage cause the magnetic 
flux around the primary to vary by equal amounts in opposite 
directions, so that these increments cancel each other. This is why 
a.c. hum is not heard at the output of a push-pull amplifier. 
This is also true of the a.c. hum due to the filament voltage, 
usually observed in single-ended amplifiers. This is why a push- 
pull amplifier needs only very little filtering. 

Now we are in a position to formulate the advantages of the 
push-pull amplifier as follows: 

(1) the power output is doubled; 

(2) the second-harmonic non-linear distortion is reduced; 

(3) the valves may be more fully utilized in Class A opera- 
tion. Class AB and Class B operation is possible; 

(4) the efficiency of the stage is increased; 

(5) the amplifier is less sensitive to the ripple in the anode 
supply voltage; 

(6) the first harmonic of the signal does not find its way into 
the anode supply circuit; this decreases parasitic interstage coupl- 
ing and makes the amplifier more stable. 

The disadvantages of the push-pull circuit are as follows: 

(a) the preceding stage must have a balanced output. This 
creates difficulties in coupling a single-ended stage to a push- 
pull one; 

(b) the push-pull circuit requires at least two valves. Howe- 
ver, in a low-power amplifier this is not a problem since one 
double valve may be used instead of two single ones. 

Design of a Push-Pull Stage. Since the arms of a push-pull 
amplifier are balanced, its equivalent circuit diagram for the 
mid-frequency range may be presented as in Fig. 3.20. The dot- 
ted line indicates the anode supply circuit through which odd 
harmonics do not pass. The circuit with two a.c. sources may 
be replaced by a circuit with a single source having twice the 
voltage and internal resistance (Fig. 3.21). Such a circuit does 
not differ in any way from the equivalent circuit of a single- 
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lhg 
Zuy 2R 
Fig. 3.20. Mid-band Fig. 3.21. Transfor- 
equivalent circuit of med equivalent cir- 
a push-pull ampli- cuit of a push-pull 
fier amplifier 


ended stage. Therefore, the design equations given for the sing- 
le-ended circuits may be also used in the design of a push-pull 
stage. 

Practical calculations of a Class A push-pull amplifier are 
usually performed in the following manner. 

Determine the power output to be supplied by one arm 


P 


, out 
= a 

Then calculate the arm, using the procedure given for a sing- 
le-ended stage. From the data thus obtained calculate the cha- 
racteristics and parameters of the whole stage. 

When calculating one arm of a push-pull amplifier, it is im- 
portant to consider the following. As already mentioned, the val- 
ves of a push-pull amplifier have better anode current efficien- 
cy. If we assume that B =0, then the no-signal maximum anode 
dissipation of a triode will be 


Pin eps oe 


a max a 


Hence, the number of valves in one arm will be 


Pa max 


"a" Pa safe 
With a higher anode current efficiency, a valve operates partly 
within the lower curved part of the characteristic. In this case, 
the a.c. anode resistance R, is 10-15 per cent greater than the 
valve given in the valve manual. The increased a.c. anode re- 
sistance will inevitably affect E,,,, and V,. 
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The design equation for non-linear distortion is also slightly 
modified. While in a single-ended stage the anode load resistance 
is selected to obtain a symmetrical change in the anode current, 
in a push-pull amplifier the load resistance is selected for maxi- 
mum power output from the valve. The second harmonic, which 
inevitably appears with such a load resistance, will be minimized 
by the symmetry of the circuit configuration. In this case, non- 
linear distortion is 

Is 
Y= V3 = 7, 


However, the absolute symmetry of the arms is a rare occur- 
rence. Experience shows that the valves used in the amplifier 
arms cannot be made fully identical. 

Inequality of the valves used in the amplifier arms is expres- 
sed by the asymmetry factor 6 


i, =i, (1+6) 


If the valve asymmetry cannot be disregarded, the non-linear 
distortion should be calculated from the following equation: 


— 


y= V (r) +3 (3.38) 


The equation for the turns ratio n is also slightly modified in 
that it uses the doubled value of the anede load resistance deter- 


mined for one arm 
Z 
a=W a 
2R Nt 


1. How are the valves connected in the push-pull circuit? 
What is the advantage of this connection? 

2. Why should the grid voltages be 180° cut of phase in a 
push-pull circuit? 

3. How can the arm of a push-pull stage be balanced for d.c.? 

4. Why has a push-pull amplifier a greater efficiency than a 
single-ended one? 

5. What will be the changes in readings of a meter measuring 
the anode current of a Class B amplifier when the signal voltage 
is applied to the grid? 





Review Questions 
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18. Negative Feedback in Audio-frequency Amplifiers 


A feedback amplifier may be defined as one in which a part of 
the output signal is fed back to its input. When the feedback 
is used to decrease the effective input, this is negative feedback. 

The feedback signal may be proportional to changes in either 
the output voltage, or the load current, or both. Accordingly, 
one has: i 

(1) voltage feedback; 

(2) current feedback; 

(3) bridge feedback. 

Block diagrams of amplifiers employing negative feedback are 
shown in Figs. 3.22, 3.23, and 3.24. ae 

In the circuit of Fig. 3.22, the feedback voltage, V,,, propor- 
tional to the output voltage and applied through the feedback 
circuit to the amplifier input along with the signal voltage V,,, 
is given by 

Vip = BV oat (3.39) 


The quantity B is known as the feedback-path gain, although 
some authors call it the feedback factor. 

In the circuit of Fig. 3.23 the negative feedback voltage V,, 
is proportional to the load current /, and the coupling impedance Z, 


Vin = 62,1 L 
The value of the negative feedback voltage in the circuit of 


Fig. 3.24 is proportional! to both the output voitage and the load 
current 


Vip =B (Vout +Zel 1) (3.40) 
In the above circuits the negative feedback voltage is returned 


to the input circuit in series with the signal. This is series ne- 
gative feedback. 


Amplifier pi but 


2 Negativ. = 


e 
reedbaci 
circuit 






Fig. 3.22. Block diagram of Fig. 3.23. Block diagram of am- 
amplifier with voltage nega- plifier with current negative 
tive feedback feedback 
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Fig. 3.24. Block diagram of am- Fig. 3.25. Block diagram of 
plifier with negative bridge feed- amplifier with parallel nega- 
back tive voltage feedback 


In some amplifiers the negative feedback voltage is applied 
across to the input terminals (Fig. 3.25). This is parallel or shunt 
feedback. 

Consider the physical properties of an amplifier employing ne- 
gative voltage feedback. 

In the circuit of Fig. 3.22, V, is the sum of the input volt- 
age Vin and the negative feedback voltage Ve, 


Ve=Vint Voy (3.41) 


Let the gain of an saaglifer without negative feedback, or the 
open-loop gain of the amplifier, be K, such that 


K= — Vout (3.42) 
Vy 
and the gain of the same amplifier with negative feedback, or 


the closed-loop gain of the amplifier, be K,,, such that 








Kp= Laat (3.43) 


Substituting the expression for V;, from Eq. (3.41) into Eq. 
(3.43) gives 





Z — Vout 
Ky Vr — Vp 
Substituting the expression for V,, from (3.39) yields 
7 V V 
K p => = 4 (3.44 
eVe—BV out ġ (Gea) 
g g 
; Vg 
Noting Eq. (3.42), we finally have 
; K 
K jo i—pK (3.49) 


4—4387 
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The term BK in Eq. (3.45) is frequently called the feedback 
factor, or return ratio, or loop gain, since the input signal is 
multiplied by K and then by 6 as it takes a closed path around the 
complete feedback amplifier. It should be noted, however, that 
in some texts the quantity (1—BK) is called the feedback 
factor. 

In the general case, K and BK are complex quantities. 

When BX is negative (negative feedback), K so the closed-loop 
gain, is less than K, the open-loop gain 


K 
Kyo =i pK <K 


This is explained by the fact that, with negative feedback, 
the grid voltage is lower than the input signal voltage by the 
value of feedback. The reduction of the voltage applied to the 
grid leads to a reduced voltage at the amplifier output. As a 
result, the stage gain also decreases. 

When BK is positive (positive feedback), the modulus of Kro 
may be greater than K. This is explained by the fact that the 
feedback voltage is in phase with the signal voltage and boosts 
the voltage at the valve grid. As a consequence, the voltage at 
the output of the amplifier also increases. 

When BK =1, the denominator in Eq. (3.45) is zero, and K fb 
is infinity. Then even a negligible input voltage of any waveform 
will cause considerable voltages at the output. The equality BK = 1 
is the condition for the self-oscillation of an amplifier, that is, the 
amplifier becomes an oscillator generating spurious oscillations. 
This phenomenon is ruinous to amplifier performance. 

Negative feedback has its effect not only on the gain, but also 
on distortion, gain stability and stability of output voltage. 

As will be recalled, any distortion and noise finally turn up 
as an impairment in the signal waveform. In an amplifier with 
feedback, any distortion of the signal waveform gives rise to a 
voltage which is returned to the input in anti-phase with the 
signal. This voltage, amplified by the amplifier, balances out 
the distortion. 

Consider the effect of negative feedback on distortion in the 
mid-band range where phase shifts in the amplifier and feedback 
circuit are small, so that both K and are real and not complex 
quantities. 

Let V, be the harmonic voltage at the output of an amplifier 
without feedback, and V, p, at the output of one with feedback. 
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Vae may be defined as 
Vie pp =Vr— KoB Vn fo (3.46) 


where K, is the mid-band gain and 6, is the mid-band feedback- 
path gain. 
Solving Eq. (3.46) for V, pẹ yields 


Vin fb 7 V,/(0 T BoXo) (3.47) 


As is seen, the harmonic voltage at the amplifier output is reduced 
in the ratio 1/(1 + 6,X,). 

If the voltage at the fundamental frequency is held constant 
by increasing, say, V;,, the non-linear (harmonic) distortion will 
be reduced in the same ratio 


Yro = VI + BoKo) (3.48) 


Reduction in non-linear distortion is especially important in 
power amplifiers. In addition, negative feedback improves the 
utilization of the valve characteristics and the electrical efficiency. 

The relation derived for the harmonic output voltage also holds 
for other sources of interference and noise in amplifiers, such as 
valve noise, mains hum, etc.: 


Vn po =Vn/(1 + BoKo) (3.49) 


where V, is the noise voltage in an amplifier without feedback 
and V, ,, is the noise voltage in one with feedback. 

It should be noted that in the low- and high-frequency ranges 
of the bandwidth, phase shifts appear both in the amplifier and 
the feedback circuit. This inevitably modifies the relations derived 
for the effect of negative feedback in the mid-band range. 

Negative feedback in an amplifier considerably reduces frequency 
and phase distortion. The flattening of the frequency response 
may be pictured as follows. 

As the gain at the limiting frequencies of the range decreases, 
the amplifier output voltage goes down and so does the negative 
feedback voltage fed in anti-phase to the amplifier input. As a 
result, the total grid voltage goes down less at these frequencies 
than at the mid-band frequencies, and there is a relative increase 
in the output voltage. In other words, negative feedback affects 
the mid-band stage gain much more than the gain at the low 
and high frequencies. 

The reduction in frequency distortion is accompanied by a 
reduction in phase distortion. In Chapter II we have defined the 
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Fig. 3.26. Final stage of an amplifier with negative feedback 


reiation between the phase shift and the frequency distortion 
as follows 
l 


COS P= Fr 


The closer M to unity, the smaller the phase shift 9. 

Consider practical amplifier circuits employing negative feedback. 

Figure 3.26 shows a commonly used final stage of an amplifier 
with negative feedback. In this arrangement, the negative feed- 
back circuit consists of a blocking capacitor C,, resistor R, and 
resistor R, connected in series with the valve grid-leak resistor R,. 
The reactance of C, at the lowest frequency of the range must 
be one-third to one-fifth of the total resistance of R, and R, 

Approximately, the feedback-path gain is given by 


R 


If the anode load resistance R, and the a. c. anode resistance 
of the valve are comparatively low, then a more accurate equation 
should be used for B 

R ees a i 
B= RER, Ra tR: (eop 
where R,, is defined as 


1 
Ra Ra Rp Ry 


Figure 3.27 shows an amplifier in which negative feedback is 
carried across two stages. In this circuit, B depends upon the 
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Fig. 3.27. Two-stage amplifier with negative feedback 


ratio of the turns N, in the teedback winding and the turns N, 
in the transformer primary 


p= 7 
Nı 


The connection for the leads of N, to the circuit components 
is found experimentally. 

Figure 3.28 shows the circuit of an amplifier with parallel 
negative voltage feedback. The negative feedback voltage is fed 
from the anode circuit of V, to its input through R, 

The feedback factor for this circuit is given by 


Re 
BK = (1 + Ko) -p (3.52) 
B 


where K, is the open-loop gain of the second stage. 





Paes 27 
+ 


O 
Fig. 3.28. Circuit with negative parallel voltage feedback 
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Parallel negative feedback is best adapted for an amplifier 
using a pentode in the first stage. 


Review Questions 


1. Why should the signal voltage be increased in an amplifier 
with negative feedback? 

2. Is it possible to obtain large power output from a stage 
with negative feedback? 

3. What factors control the amount of feedback? 

4. Name the physical phenomena minimizing non-linear distortion 
in a stage with negative feedback. 

5. Quote the value of the product BK at which the voltage 
gain will be close to unity. 


19. Phase-inversion Circuits 


Two voltages, equal in magnitude and opposite in phase, must 
be applied to the grids of the valves connected in push-pull. 
The simplest way of doing this would be to use an input trans- 
former with a centre-tapped secondary (Fig. 3.18). Such a trans- 
former can match any signal source to the balanced input of the 
push-pull amplifier. Transformer coupling is especially convenient 
when the push-pull stage draws grid current. 

However, an input transformer increases the cost and weight 
of the equipment as well as frequency and phase distortion in it. 
This is why special circuits are used to couple a signal source to 
the balanced input of a push-pull amplifier operating without 
grid current. 

Amplifier circuits which develop two voltages equal in magni- 
tude and opposite in phase are called phase-inversion circuits. 

Phase-inversion circuits are resistance-coupled audio-frequency 
amplifiers with a balanced output. The simplest phase-inversion 
circuit is shown in Fig. 3.29. In this circuit. the anode load con- 
sists of two parts. One part, R=, is connected between the 
anode and the positive terminal of the anode supply source. The 
other part, Rr = AL is connected between the negative terminal of 


the anode Seni source and cathode through a cathode resistor 
R,, and a bypass: capacitor C,,. Both R,, and C,, present a low 
impedance at the signal frequency. a 
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Fig. 3.29. Single-ended split-load phase inverter 


The top of R} is connected to the grid of the valve V, via C,,, 
while the top of R} is connected to the grid of the valve V, 
via C,,. When at any moment the grid of V, goes positive, the 
amplified instantaneous alternating voltage across R; will be 
negative and that across R}, positive. 

Thus, the split anode load furnishes alternating voltages which 
are 180° out of phase. These voltages will be equal if the equi- 
valent resistances of the split load are equal. With the equality 
of R, and R4, the circuit is sufficiently balanced at the mid- 


band frequencies. 
The gain of this type of phase inverter is always smaller than 2 


K, =% <2 
owing to tight negative feedback with B =0.5, because R, =0.5R;. 


K K K 
1FBK, 140.5%, I 
Ko (q+ 05 


Higher gain is obtainable with push-pull circuits. One of the 
valves shifts the signal through 180°. Application of a twin triode 
instead of two separate valves in such a circuit is logical and 
keeps the cost down. 

Figure 3.30 shows a push-pull self-balancing phase inverter. 
The signal voltage applied to the grid of V, is amplified and 
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Fig. 3.30. Push-pull self-balancing inversing circuit 


applied to the grid of V, through C,,. This voltage is 180° out 
of phase with the signal voltage. The grid of V, is actuated by 
an a.c. voltage from R, which, together with R,, forms a voltage 
divider. This voltage is also 180° out of phase with the input 
voltage. The voltage applied to the grid of V, is higher than the 
input voltage K, times. Therefore, in order to supply a voltage 
equal to input voltage V,, to the grid of valve V,, R, must be 
1/K,th fraction of R,, 


was Rgı = Rı+ R, 
R= =R (3.53) 


The voltage amplified by V, is applied to the grid of V, via C,,. 
If Eq. (3.53) is satisfied and the circuit parameters of valves 
V, and V, are similar, equal and opposite voltages will be applied 
to the grids of valves V, and V,. 

The polarity of the a. c. voltages acting in the circuit is indi- 
cated by “p” and Ta 

Let us see how the self-balancing phase inverter operates. 

Let the voltage V, be greater than V;, so that the circuit is 
unbalanced. The increase in V, will cause a voltage increase 
across R, and R, and, consequently, a voltage increase at the 
grid of valve V,. Thus, an increase in V, will be accompanied 
by an increase in the output voltage of valve V,. As a result, an 
additional voltage will appear across R,, opposite in phase to Vj. 
Hence any change in V; is accompanied by an additional balancing 
voltage across R,, such that the unbalance of the circuit will be 
minimized to a fraction of its original value. 
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Review Questions 


1. Can a transformer without a centre tap be used to drive 
a push-pull stage? 

2. Why is the gain of a split-load phase-inverter less than two? 

3. Can a push-pull amplifier be driven by a single-ended stage? 

4. Which of the phase-inversion circuits is most economical? 

5. How can the grid voltage be checked for symmetry? 


SUMMARY 


l. The basic type of power amplifier is one using a transfor- 
mer to match the load to the a.c. anode resistance of the valve. 

2. The frequency response of the output stage falls off at the 
higher and lower frequencies of the band. 

3. Frequency distortion in the low-frequency range is caused by 
the low inductance of the transformer primary. 

4. Frequency distortion in the high-frequency range is caused 
by an increased leakage inductance. 

5. The condition for maximum power output in a stage with 
a constant driving voltage is the equality of the load resistance 
and the a.c. anode resistance of the valve. 

6. For maximum power output in the anode circuit with a 
constant anode supply voltage, the anode load resistance must 
be twice the a.c. anode resistance of the valve. 

7. Final stages of radio receivers and low-power amplifiers 
use pentodes and beam-power tetrodes because these valves have 
higher sensitivity and better efficiency than triodes. 

8. Medium- and high-power amplifiers employ push-pull circuits. 

The efficiency of a push-pull amplifier is higher than that of 
a single-ended amplifier. 

9. In a push-pull amplifier, non-linear distortion due to even 
harmonics of anode current is lower than it is in a single-ended 
amplifier. 

10. The push-pull circuit is less sensitive to the ripple in 
the anode supply voltage. 

11. A single-ended stage may be coupled to a push-pull stage 
via an input transformer or a phase-inversion circuit. 

12. Phase inverters furnish voltages that are equal but oppo- 
site in phase. 

13. Audio-frequency amplifiers often use negative feedback 
which decreases all types of distortion appearing during ampli- 
fication. 





CHAPTER IV 
AUDIO-FREQUENCY 
TRANSISTOR AMPLIFIERS 





20. Brief Outline of Transistors 


As compared with valves, semiconductor devices are smaller 
in size and weight, more economical in power consumption, more 
robust mechanically, and durable. 

Two main types of transistors are the point-contact type and 
the junction type. Although historically the older of the two, 
point-contact transistors are not widely used, and the basic com- 
mercial type is the junction transistor. 

Transistors may be further classed into P-N-P and N-P-N. In 
a P-N-P transistor, usually fabricated from germanium, conduc- 
tion in the emitter and collector regions is by holes, or positive 
charge carriers, while in the base region conduction is by elect- 
rons, or negative charge carriers. In an N-P-N transistor, usu- 
ally made of silicon, conduction in the emitter and collector 
regions is by electrons, and in the base region by holes. 

Still another classification of transistors is according to the 
mechanism by which charge carriers are transported across the 
junctions. In some, charge transfer is by diffusion, and the tran- 
sistors are called diffusion transistors (not to be confused with 
diffused transistors, so called because of the manufacturing pro- 
cess involved). In others, charge transfer is due to the drift 
caused by an internal electric field, and the transistors are cal- 
led drift transistors. In each class, units may be fabricated by 
a large variety of processes varying from manufacturer to manu- 
facturer. Thus, alloy transistors transfer carriers from emitter to 
collector by diffusion. There is little or no electric field in the 
base region to accelerate motion of the carriers to the collector. 
The reason for this is the constant resistivity of the base region. 
In diffused transistors, on the other hand, there is a gradual 
variation of resistivity in the base, and there may be an assi- 
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sting, or sweeping, electric field considerably reducing transit 
time in the base. 

Although the transistor is often likened to the valve, the 
physical processes taking place in the two are markedly diffe- 
rent. For example, the valve deals with only one type of cur- 
rent carrier, electrons moving through a vacuum. The finite 
transit time of electrons begins to be felt only in the microwave 
region. The parameters of the valve depend on the operating 
voltages and currents and are almost independent of the envi- 
ronments. The interelectrode capacitances of the valve, affecting 
operation of a valve amplifier at the higher frequencies, are 
mainly determined by valve construction. 

In contrast, the transistor has two types of current carrier, 
electrons and holes. The flow of current in the collector circuit 
is produced by injection of minority carriers from the emitter 
into the base and their motion into the collector region. This 
takes place in a solid material, and not in a vacuum. Therefore, 
the finite transit time of carriers in transistors affects their ope- 
ration already in the HF (high-frequency) band. As a result, 
the short-circuit gain, or the current amplification factor, a, 
for the common-base configuration, a major parameter of the 
transistor, is frequency-dependent: 


a= F (f) 


At the higher frequencies, the current amplification alpha be- 
comes a complex quantity: 


a = O5/(1 + ffl fa) 
and its modulus is 


a= V 1 + (FF 
where 
œ, =amplification factor at zero or very low frequency 
f=operating frequency 
f= alpha cut-off frequency at which the current amplification 
in the common-base connection drops to 0.707 of its 
low-frequency value (3 db down). 
As the width of the base increases, the amplification factor 
alpha becomes more and more frequency-dependent. 
The electric properties of the transistor are strongly affected 
by ambient temperature and heating in operation. 
The apparent capacitances formed in the transistor on each 
side of the depletion region, known as the barrier or junction 
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capacitances, vary with the operating voltages. The so-called 
diffusion or storage capacitances, formed in a forward-biased 
transistor, may be many times the input capacitance of the valve. 

Since there is always a current flowing in the input circuit of 
the transistor, its input resistance is only a fraction of the valve. 

Accordingly, equivalent circuits for the transistor, especially 
for operation at the high frequencies, turn out to be far more 
complicated than they are for the valve. 

Moreover, while the behaviour of the valve operating with 
a negative grid (zero grid current) may be described by a single 
family of characteristics, such as 


i, =F (e,) with E, held constant 


or 
i,=F(e,) with E, held constant 


at least two families of characteristics, input and output, are 
necessary to describe the behaviour of the transistor. 

The input and output characteristics quoted in transistor data 
sheets are usually plotted for typical, or “bogey”, transistors 
and do not faithfully reflect the properties of actual units be- 
cause the spread between them is still considerable. 


Review Questions 


1. What is the difference and the similarity between the valve 
and the transistor? 

2. Why are the transistor parameters dependent on temperature? 

3. Explain the dependence of transistor parameters on frequency. 

4. Does the open-emitter collector current /ego affect the 
amplifying properties of the transistor? 

5. Can an r.f. transistor operate in an a.f. amplifier? 


21. Analysis of Transistor Amplifiers 


Analysis of a single-stage transistor amplifier involves the fol- 
lowing parameters: 
—the current gain 


| Ki = Tout! ! in 
—the voltage gain 
K, 7E V out/V in 
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Fig. 4.1. Equivalent circuit for a transistor amplifier 


— the power gain 
K, ame P Or a 
— the input resistance 
Zin = Vin/ lin 
— the output resistance 
Zout = V oat oni 


It is usual to think of the transistor as a four-terminal or 
two-port network having the simple equivalent circuit of Fig. 4.1 
which is drawn up in terms of the A-parameters, usually quoted 
in transistor data sheets. 

It has been noted that in the general case the transistor parameters 
are complex quantities. At the low frequencies, for which the 
equivalent circuit of Fig. 4.1 is valid, it will be safe to treat 
the -parameters as real quantities. Then by Kirchhoff’s second 
law we may write for the input circuit 


E,=1,Rst+hyal,—hW, (4.1) 
By Kirchhoff’s first law for the output circuit we have 
hal =I n+l: (4.2) 


where /,,, is the current in branch h, and /, is the output 
current of the two-port. 
As will be recalled, 


Í peal! g s h,,/(1 /R;) “= Riha 
Therefore, 
Í pos = Rh! , 
Substituting the expression for l}, in Eq. (4.2) gives 
hal, a Rhyl, PE l 
Solving for /, gives 
1,=1,h,,/(1 + Riha) (4.3) 


110 RADIO RECEIVERS 


Current Gain. Numerically, the stage current gain is equal to 
the ratio of the output and input currents. Hence, 


K;= lalli = 1h / (1 + R ħaa) + 1,=hy/(I+ Rhys) (4.4) 
Input Resistance. It is equal to the ratio of V, to /,: 


Rin z Vi, 
From Eq. (4.1), 
V,=E,— Rl, =h,1,—h,,V, (4.5) 
In terms of the load resistance and the output current 
V, a= LR, 


Substituting the expression for /, from Eq. (4.3) gives 
V, = Rilħaı/(1 $ Riha) 





Therefore, 
pen ES R thizħor Rrhħiaħzı 
Vi =h li hV = hal — I+ Rih ma a =I, (ty EARE) 
whence 
; ( h, Raha ) 
his a l ES Ryhoe Rifyohes 

RNa hy 1- Rrhes ( .6) 

or 
hyt R Lhah — Ryyoher mu + RiAn 
Rin = 1 + R ihop 1 -+ R thes (4.7) 

where 


Ay = Ayyhe,—hyghay 
Voltage Gain. As already defined, 
K,=V,/V, 
In terms of output and input currents, we have 
Ko =V V= 1,R1/1: Rin 
Noting that 
lall, = K; 
we may write 
K, =K; (R1/Rin) 
Substituting the expressions for K; and R,, from Eqs. (4.4) and 
(4.7) gives 


p a ha R; (i + hggR 1) a ha Ry 
K, =K;(Ri/Rin) = (EHR, h TAR LR, (48 
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By definition, the voltage gain is the ratio of V, to V,. More 
accurately, however, the output voltage ought to be related to 


the signal voltage E, 


Writing E, in terms of V,, we have | 
E,=V,+ li Rs =V +R, (V:/Rin) =V (1 + Rs/Rin) 
Substituting the expression for E, in Eq. (4.9) gives 
K, =V E; = —— +p = Kp II + R5/Rin) 
Vy (1+ Re) 
Substituting the expressions for K, and R; 
the equation for K, thus 


EES a) See 
Ko = GF a,RD ER, +h (4.10) 


Output Resistance. Numerically, it is equal to the ratio of 
the output voltage V, at R,=infinity to the output current 
I, at E,=0 

Rout =Vo/T 


The respective equivalent circuit is shown in Fig. 4.2. By 
Kirchhoff’s law, for the input circuit 


O= LR; + Lihn +h, 
Hence, the input current is 


we may re-write 


in? 


I, =—A,V,/(R, +h) (4.11) 
The equation for the output current is 
I e= ħali + hV, (4. 12) 


Substituting the expression for /, from Eq. (4.11) in Eq. (4.12) 
gives 
nata. 





I=— pe 


Ayohey 
Va -F hak, = =V, hea — Reva) 





Fig. 4.2. Equivalent circuit for determining the output resistance of a tran- 
sistor amplifier 
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Simplifying, 
l, FT Valha Rs rie An) (Rs +h) 
whence, 
Va, = Ront = (R+ Ay) (ARs + Ay) 
Power Gain. By definition, 
K,= P/P, 
or in terms of currents and voltages 
K, = P,/P,=1,V,/1,V,=K;:Ky 
Substituting the expressions for K; and K, from Eqs. (4.4) 
and (4.8) gives 
i _ hoy ha R n hR, 
Kp = RK = TE Ri ha +OnR UF iao M FARD ON) 
When R, is perfectly matched to R,,, and R,,, to R,, 
power output is a maximum, and the power gain is given by 
ae EF 
(V An + V iha)” 
Instead of the h-parameter equivalent circuit, a single-stage 
transistor amplifier may be analysed by use of equivalent circuits 


drawn up in terms of the z- and the y-parameters. The relationships 
between the three sets of parameters are summarized in Table 4.1 


TABLE 4.1 


(4.13) 


K, max 








h-parameters 


z-parameters 





y-parameters 





| | 
Input resistance ae | Age une rare i - 
Output resistance meet Sees (ee = ts 
Current gain re | R; : TR 77 T 
Voltage gain aR, ne: mE 
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where 
Apr E Ayyhos —hy,,h,, 
Ap = RR RyRy 
A, = Y11Y22 — Yiya 
Ys = 1/R, 
y, = 1/R, 


Review Questions 


1. Which of the four-terminal parameters of the transistor are 
the easiest to measure? 

2. How can the A-parameters be expressed in terms of the 
z-parameters? 

3. How can the z-parameters be expressed in terms of the 
h-parameters? 

4. Explain why the input resistance of the transistor depends 
on the load resistance. 

5. Explain why the output resistance of the transistor depends 
on the source resistance. 


22. Transistor Arrangements 


The numerical values of the A- and other parameters of a 
transistor depend on the way it is connected into the circuit. 
The three transistor arrangements of practical importance are 
common-base. common-emitter, and common-collector. 

Common-base Circuit. A simplified schematic and an equivalent 
circuit of a transistor arranged into the common-base configuration 
appear in Fig. 4.3. 





Fig. 4.3. Common-base amplifier 
(a) schematic; (b) equivalent circuit 
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As is seen, the equivalent circuit of Fig. 4.30 is similar to 
that of Fig. 4.1. Therefore, noting that 


Ler 
hal. 
V=y. 
hy =a hays 
Nog = loop 
hy» =e Asp 
hy, =hyy,=—@ 


we may use the relationships already derived. The subscript “b” 
in the h-parameters indicates that they apply to the common-base 
circuit. The quantity h,,,—— a is the static (d.c.) amplification 
factor for the emitter-to-collector current. The stage current gain 
then is 


K,= 1/1, =hye/( + Ri hep) (4.15) 

or 
K;= — @/(1 + Riha) (4.16) 
The “—” sign indicates that the output current is in anti-phase 


with the input current. 
The input resistance of the stage is given by 


— ‘ow +R Any 
Rin a 1+ Rih (4. 17) 
The voltage gain is 
> ha RL 
? Anot Ane Rr ae) 


or 


TEZA aR; 
gr Airy t+ AnoRi (ety) 


The output resistance is 


— _Rsthip | 
Rout = hoapRs + Anp (4.20) 
The power gain is given by 
= AbwRz 
Kp = OFiR Cans TARD (4.21) 
or 
aR, 


Kp = OF hawRi) has F Bed (4.22) 
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Kin, ORMS Rout, egorins 
150 
100 
50 
2 D 
OF 40 Ky ,Megohimns 200 400 Ry, ORMS 
(a) (b) 


Fig. 4.4. Input resistance as a function of load resistance (a), and output 
resistance as a unction of source resistance (b) in common-base circuit 


The input resistance of the common-base circuit is low, but 
it increases with increase of the load resistance in the collector 
circuit. The output resistance is usually several hundred kilohms. 
Plots of R,, and R,,,; as functions of R, and R, respectively, 
are shown in Fig. 4.4. 

The current gain of the common-base configuration is always 
less than unity. The voltage gain may þe several hundreds, if 
the load resistance (the one in the collector lead) is sufficiently 
high. 

Common-emitter Circuit. A simplified schematic and an 
equivalent circuit of the common-emitter arrangement are shown 
in Fig. 4.5. 

The equivalent circuit of Fig. 4.56 is similar to that of 
Fig. 4.1. Therefore, we may safely use the relationships already 
established. However, the numerical values are different, and an 
additional subscript, e, is therefore added to the parameter 
symbols. 





(a) 
Fig. 4.5. Common-emitter amplifier 
(a) schematic; (b) equivalent circuit 
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If the A,-parameters of a transistor are quoted in the data 
sheet, its h,-parameters can be derived by use of the following 
approximate equations: 


Aye = hy,,/( — a) 

Nive = (Azo —Ay04)/(1 — a) 
Nore = a/(1—a)=B 

haze = hz2/ (1 — a) 


where B is the static (d.c.) short-circuit current gain or the 
current amplification factor for the common-emitter circuit. 

The design relationships applying to the common-emitter 
configuration are summarized in Table 4.2. 

















TABLE 4.2 
Current gai PESE hore 
gain K; ae ea 
22e 
input resistance. | Rin = Het None 
L't22e 
e e 
Output resistance R out = ne 
224\¢ he 
hzieR 
P i Zeani ee lotea o 
ower gain Kp (1 + hoe R1) (Arre + AneRz) 





The amplification factor beta is always much greater than 
unity. The input resistance of the common-emitter stage is 
markedly higher than that of the common-base arrangement, but 
the output resistance is lower. Plots of R,,, and R,,,, as functions 
of R, and R,, respectively, appear in Fig. 4.6. 

The power gain of the common-emitter configuration: is noti- 
eeably greater than that of the common-base arrangement. 
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0 : g 
100 200 ky, kélohins 400 G00 Ry, ORTIS 
(a) (4) 


Fig. 4.6. Plots of Rin vs. Rp (a), and of Rout 0s. Rs (b) in common-emit- 
ter circuit 


Common-collector Circuit. The simplest arrangement of a 
transistor used as an amplifier with a resistive load is shown 
in Fig. 4.7 along with its equivalent circuit. As is seen, the 
equivalent circuit is developed in terms of the h,-parameters 
which are related to the A,-parameters as follows: 


hire SŽ hyyy/(1—@) 
h =—1/(1—a) 
haze = Moo4/(1 —&) 


The design relationships describing the common-collector 
arrangement are tabulated in Table 4.3. 

The current gain K; of the stage differs little from that of 
the common-emitter configuration. The voltage gain is less than 
unity. The input resistance of the common-collector circuit is 
very high and may be hundreds of kilohms (Fig. 4.8a). The 
output resistance is very low, being anywhere between tens and 
hundreds of ohms (Fig. 4.85). 


f 





(a) 


Fig. 4.7. Common-collector amplifier 
(a) schematic; (b) equivalent circuit 
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TABLE 4.3 
i here 
Current gain =} poe ar ree 
A220 
Input resistance E Rin= =i ate Puet Riin i Ane 
Lage 
Voltage gain 7 Kee i a, 7 
(a Cc 
Output resistance R out = aes 
22c he 
h3icR 
T gai = A, 
Power gain Kp (Fha Rr) (Mire + AncRD 





The approximate values of the input and output resistance 
for a single-stage amplifier using a transistor connected into the 
common-collector circuit are given by 


Rin = R; (1 +$) (4.23) 
Rout = Rs/(1 +B) (4.24) 


The common-collector circuit has the lowest power gain of all. 


Rin, ORMS Rout, Wns 





00 0? o 10* 10°R;,ohms 0? 107 19 10° R, ms 
(b) 


Fig. 4.8. Plots of Rin vs. R, (a), and of Rout vs. Rg (b) in common-collec- 
tor circuit 
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To sum up, the comparative advantages and disadvantages of 
the three transistor arrangements are as follows: 

1. The lowest input and the highest output resistance is offered 
by the common-base circuit. 

2. The highest input and the lowest output resistance is offered 
by the common-collector configuration. 

3. The highest power gain is secured by the common-emitter 
arrangement. 


Review Questions 


1. Explain why the current gain in the common-base circuit 
is smaller than unity. 

2. Explain why the connection of the transistor into the com- 
mon-base circuit can raise the upper limiting frequency of the 
amplifier. 

3. Why is the common-emitter configuration used more widely 
than the common-base circuit? 

4. Why is it that in the common-collector circuit the voltage 
gain is smaller than unity? 

5. How do you explain that the common-collector circuit has 
a considerable input resistance? 


23. Multi-stage Transistor Amplifiers 


When a single-stage amplifier is inadequate, use is made of multi- 
stage amplifier circuits. 

While in valve amplifiers the number of stages is determined 
by the relative magnitudes of the voltage necessary to drive the 
valves in the final stage and the signal voltage, in transistor 
circuits the number of stages is decided by the relative magni- 
tudes of power output, Poat and the power delivered by the 
signal source to the input of the first amplifying stage, P;,,. The 
requisite power gain, in decibels, is then given by 

K,= 10 logy, (Pout! P ini) 

The power gains of the individual stages may range between 
15 and 30 db, according to transistor type and stage configu- 
ration. 

Approximately, the number of amplifying stages in preliminary 
design may be obtained from 


N = 10 logy, (Pout! Pin)/(18 to 30) 
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For a two-stage amplifier, the three transistor arrangements 
may theoretically lead to nine amplifier configurations, but only 
some of them are used in practice. As an example, with both 
stages arranged into the common-base circuit, it is difficult to 
match the high output resistance of the preceding stage to the 
low input resistance of the succeeding stage. Inter-stage matching 
is most conveniently obtained with the common-emitter and 
common-collector configurations. The common-emitter circuit has 
the additional advantage of high gain. This is the reason why the 
common-emitter circuit is used most. The common-base arrange- 
ment is employed mainly when it is desired to extend the band- 
width in the direction of the higher frequencies. The common-col- 
lector circuit is resorted to when a signal source of high output 
resistance has to be matched to a load of low input resistance. 

The stages may be either RC or transformer coupled. RC- 
coupling is mainly used in preamplifiers; transformer coupling is 
most often found between the penultimate and final stages and 
also between the final stage and the load. 

RC-coupled Amplifiers. In RC-coupled amplifiers, the transistor 
is most often connected into the common-emitter circuit because 
this arrangement provides for the highest signal amplification 
in power. 

Unfortunately, a common-emitter amplifier suffers from tempe- 
rature instability. This is mainly due to the fact that the 
collector-junction leakage current /cgo and the current amplifi- 
cation factor are extremely temperature-sensitive. If not ade- 
quately controlled, temperature variations in these parameters 
might cause a shift in the Q-(operating) point of the circuit, with 
the result that it would not be able to amplify and reproduce 
the signal with a minimum of distortion. 

There are several methods for improving the Q-point (bias) 
stability by use of negative direct-current feedback and suitable 
biasing arrangements. One very popular method of improving 
bias stability is to add some external emitter resistor as shown 
in Fig. 4.9a in conjunction with a bias-voltage divider R,R,. 

In this circuit, the Q-point will be positioned by the base-to- 
emitter voltage v,, which is numerically equal to the difference 
in voltage drop between R, and R, 


Ube =vR,—vR, 


Should variations in temperature cause an increase in the 
base current, a greater current will flow through R, and R,. 
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1 
(a) (b) 
Fig. 4.9. RC-coupled transistor amplifiers 


(a) with bias network and negative series feedback; (b) with bias network and series-pa- 
rallel negative feedback f 


An increase in the current through the bias-voltage divider will 
bring about an increase in the voltage drop across R, and the 
d. c. voltage applied to the base will be brought down, thereby 
decreasing the base current. An increase in the voltage drop 
across R, will bring down v,,, and this, too, will lead to a 
decreased base current. 

Figure 4.9b shows a stabilization arrangement using series and 
parallel negative feedback. As the base current and, consequently, 
the collector current increases, the voltage drop across R, also 
increases, and the voltage drop across the bias-voltage divider 
R,R, is brought down along with vpe. i 

The stability factor S of the circuit shown in Fig. 4.9a is 
given by 
aR, 
(l—a) Re+Re 


Since the amplification factor alpha for existing transistors used 
in amplifiers ranges between 0.96 and 0.98, Eq. (4.25) may be 
re-written thus: 


S=1+ (4.25) 


S=(approx.) 1+ R,/Re 
where 


R: = (RIR) (Rı + R,) 


As is seen, the value of S decreases as R, decreases and R, 
increases. 

It should be remembered, however, that R,R, acts as an addi- 
tional load on the collector circuit of the preceding stage. With 
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decrease of R, and R,, the effective load resistance of the prece- 
ding stage will be brought down, and the gain of that stage will 
be impaired. 

The parameters of the common-emitter circuit are more frequ- 
ency-dependent than they are in the common-base configuration. 
Among other things, the beta cut-off frequency fr, defined as the 
frequency at which the common-emitter current amplification 
becomes equal to unity, decreases while the capacitance Cse Shun- 
ting the load increases. 

The beta cut-off frequency is given by 


fr =f./(1 +B) 
and the output capacitance, 
Cee = Coy (li B) 


The decrease in f, and the increase in C,, result in that the 
current gain in the high-frequency range of the band is impaired, 
and the frequency response falls off 


B= BAV 1+ (fli)? 


Consider the effect of the various circuit elements in the two- 
stage RC-coupled amplifier of Fig. 4.10 on its gain. The equivalent 
circuit of the first stage is shown in Fig. 4.1la where: 

I,,K;=constant-current generator equivalent to the transistor T; 

Rout = output resistance of T 

Re =resistance in the collector lead of T, 

Ring =input resistance of T, 
=equivalent resistance of the bias network 


Ris =R,R,/(R, F R.) 


12 


Fig. 4.10. Two-stage RC- 
coupled transistor amplifier 
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(a) 
Fig. 4.11. Equivalent circuit for the first stage 
(a) full, (b) reduced 


C coupi = Coupling capacitor 
Cse = COllector-emitter (shunt) capacitance. 
The equivalent circuit of Fig. 4.1la can be reduced to that 
of Fig. 4.11b where 


Rive a, RoutRe!(Rout = R.) 
R usin Sa RineRye/(Rins + Ria) 


The equivalent circuit of Fig. 4 1lb is similar to that of a 
valve single-stage amplifier. Therefore, we may use the same 
method of analysis. Figure 4.12 shows equivalent circuits for the 
low, middle, and high frequencies of the band. 

Consider the parameters of the stage at the mid-band frequencies. 

The current gain is given by 


Kio = h,,,/(1 T R regħoze) (4.26) 

The input resistance is 
Rino = (Awe F RregAne)/(A T R tegħzze) (4.27) 

The voltage gain is 
K, = (heyeRreg)/(Aire og AneR Leg) (4.28) 
G lee 
(=) i i Kine Rore | \Kinzeg =>) : i 
Kir hy Kir Ly Kit A 
(a) (2) (¢) 


Fig. 4.12. Equivalent circuits for the first stage 
(a) mid-band; (b) low-frequency; (c) high-frequency 
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The output resistance is 
Rout T (Rs + hire)l(hozeRs ar Ane) (4.29) 
The power gain is 
hzreR Leg 
Ko = TF BaseRieq) Üni F Ane Ria) 


where R,,, is the equivalent load resistance of the first stage, 
defined as 


(4.30) 


Rieg Fa ReregRinaeg/(Rereg T R inzeg) 


The frequency distortion in the low-frequency range is 





- i n 
Mi Vi + | Ta T Got) 

The high-frequency distortion due to C,, is given by 
Mr =V 1 F (QR regCce) (4.32) 


The frequency distortion caused by variations in the properties 
of the transistor with frequency is allowed for by use of an 
adjusted value of h,e 


here a p;= Boa 1 + (2,/Q7) 


Design of an RC-coupled Transistor Amplifier (Fig. 4.9). 


Given: 


1. Supply voltage, 2,,,. 

2. Peak value of the load voltage equal to that of the input 
voltage to the next stage, V, =V n- 

3. Peak value of the load current equal to that of the input 
current adjusted for the current in the bias network of the next 
stage, 1, = in. 

4. Frequency range, F,-F;,. 

5. Limits of frequency distortion at the low and high frequen- 
cies of the band, M, and M, 

6. Signal voltage E, and signal-source resistance R,. 


To Find: 


l. Transistor type. 
2. D. c. (no-signal) operating conditions. 
3. Parameters of the bias stabilization network. 
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4. Stage parameters, such as current gain, input resistance, 
voltage gain, and output resistance. 
5. Coupling and bypass capacitors, C,.,,, and C,. 


Design Procedure: 


1. Select the transistor type so that the maximum rated col- 
lector-to-emitter voltage will be higher than the supply voltage 


Uce rated > Usup 


The beta cut-off frequency should be higher than the upper 
desired frequency 


fr > F, 
2. Select the minimum collector current such that 


P min (approx.) 5 to 10 loo trated) 
and such that 


le> li 41 ¢ min 


If the peak value of the load current is small, the quiescent 
collector current should be chosen close to the value given in the 
data sheet. 


3. Select the minimum collector-to-emitter voltage 
Uce min == 0-8 to 1 volt 
4. Determine the collector-to-emitter voltage 
Uce = Vee min + VL 


If the load voltage is low, v,, should be taken close to that 
specified in the data sheet. 

5. From the transistor characteristic, find the base current /, 
(Fig. 4.13). If the transistor characteristics are not available, 
[, can be found from 

I, =(approx.) 1, (ge/Bo 
6. Select the voltage across R,: 
Up, = (0.15 to 0.2) 


sup 


7. Determine the load resistance in the collector lead: 


R, = (Usup — Uee — LE (de) 


126 RADIO RECEIVERS 


`> 






1- 


Le ~min* l. 


y —— 


Fig. 4.13. To calculation of base current from transistor characteristics 


Ycemin 


8. To allow for the effect of R, on the peak alternating 
current at the stage output, find the adjusted value of the col- 
lector current: 


Vi(R-+R 
1 c40= lemin + REE 
9. Determine the resistance in the emitter lead: 


R, = 0p,/1. 
10. Select the bias current: 
I,,=(3 to 5)/, 
11. Determine the resistance of R, in the stabilization net- 
work: 
R,= (Wp, + 0,,)/1 12 = (approx.) (Up, + 0.2)/145 

12. Calculate R, in the stabilization network: 

R, J (Usup — Vr, — Veb)/( 12 + la) 
13. Calculate the stability factor: 


S = (approx.) (1+ R/R; <5 to 8 
where 


R: = (R./R,) (R, + R.) 
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If S is too high, specify a larger current for the stabilization 
network. 

14. Calculate the equivalent load resistance in the collector 
circuit: 

Rreg = RR: (Re+ Ri) 
where 
Ri =V;/l; 

15. Using design Equations (4.26), (4.27), (4.28) and (4.29), 
find the current gain K,, the input resistance R;„, the voltage 
gain K,, and the output resistance Rost- 

16. Calculate the capacitance of the coupling capacitor: 

l 
Ceon = SR, FR V MFT 
LY “ceq L i 


17. Find the frequency distortion in the high-frequency range 
of the band: 


M,= V1 zg (QR regl ce)” 
where 
Rieg in ReegR1I (Reeg + R;) 
18. Determine the capacitance of the bypass capacitor C,: 


1 
C, > -— 
7 ORs V Mie 
where M,, is the limit of frequency distortion due to the emit- 
ter circuit (M, = 1.01 to 1.02) 


Rz = Rin Y Rs 


Transformer-coupled Amplifier. Transformer coupling is used 
with a view to securing high power gain. 

The point is that for maximum power output it is essential 
that R,, the source resistance, be matched to the input resis- 
tance of the stage, and the output resistance of the stage be 
matched to the load resistance, that is — 


Rs=R;in 

Rout = R; 
On the other hand, the output resistance of a common-base 
or a common-emitter stage is ordinarily greater than the input 


resistance. This is where a step-down coupling transformer 
comes in. 
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Fig. 4.14. Transformer-coupled transistor amplifier 


Transformer coupling may be used in both common-base and 
common-emitter circuits. Practically, use is mostly made of the 
common-emitter configuration, such as shown in Fig. 4.14. 

In practice, transformer coupling is also used to match the 
penultimate stage of the a. f. amplifier into a single-ended or 
push-pull final stage. 

Consider operation of a transformer-coupled two-stage ampli- 
fier. The resistance of the transformer primary to direct current 
is low, about several hundred ohms. Therefore, the voltage drop 
across the primary is a few tenths of a volt, and the collector 
circuit may operate on a lower supply voltage. 

With a reduced d. c. voltage drop across the collector load, 
it is possible to use a greater value for the stabilizing resis- 
tor RK, in the emitter lead. The increase in R, improves the 
stability of the stage and the reliability of the amplifier as 
a whole. 

Among the disadvantages of a transformer-coupled amplifier 
are higher cost, larger size and heavier weight. The size of the 
transformer cannot often be reduced because it might lead to 
core saturation and associated non-linear distortion. 

An equivalent circuit of the output stage of a transformer- 
coupled amplifier, referred to the primary, is shown in Fig. 4.15 
where 





Fig. 4.15. Equivalent circuit of a transformer-coupled transistor amplifier 
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_ (@) 
Fig. 4.16. Equivalent circuits for transformer-coupled transistor amplifier : 
(a) at mid-band frequencies; (b) at low frequencies; (c) at high frequencies 


L, primary inductance , 
r = primary and secondary series loss resistance, defined as 


r=r,+r,/n° 


L, =primary and secondary leakage inductances referred to the 
primary, defined as 


L=L, + L,,/n* 
R, =load resistance referred to the primary, such that 
RL =RL/n 


At the mid-band frequencies, the effect of the reactive ele- 
ments may be neglected. At the low frequencies of the band, 
the leakage inductance and the shunt capacitance C.e may also 
be neglected, while the inductive reactance has a marked effect. 
In the high-frequency range, operation of the stage will be 
markedly affected by the shunt capacitance C,, and the leakage 
inductances L,. 

Equivalent circuits for the various frequencies of the band 
are shown in Fig. 4.16. The one for the mid-band frequencies 
is similar to the equivalent circuit of an RC-coupled amplifier. 
Therefore, the parameters may be calculated from the equations 
already derived. | 

In the low-frequency range of the band, some of the current 
from the constant-current generator will branch off through L,, 
so that the load current and voltage will be reduced, thereby 
decreasing current and voltage gain. Because of this, the fre- 
quency response will fall off at the low frequencies. The fre- 
quency distortion occurring at those frequencies is given by 


Mı = yi + R cegla? ; (4.33) 


5—487 
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where 


Reeg TA RoutR | (Rout + Rt) 


In the high-frequency range of the band, the leakage induc- 
tances begin to be felt. As the frequency increases, the voltage 
drop across the reactance QL, goes up, and the load voltage 
goes down. The frequency distortion occurring at the higher 
frequencies due to L, is given by 


Q,L 2 
M; =1/ 1 eae, 4.34 
i y a ‘ 
At the high frequencies of the band, the shunt capacitance C, 
may also introduce frequency distortion. With increase of fre- 
quency, part of the current from the constant-current generator 
will branch off through the reactance of C,,, decreasing the load 
current. The frequency distortion due to this cause is given by 


Mh = V1 F (2,0 eeR ceg) (4.35) 
If M} is too high, the value of R, must be decreased. The 
overall frequency distortion in the high-frequency region is 
given by 
M,= MiMi 


Review Quesitlons 


l. Why is RC coupling used in practical amplifiers most 
often? 

2. How can the input resistance of a transistor amplifier be 
raised? 

3. How can the polarity of the coupling electrolytic capacitor 
be determined in the common-emitter circuit? 

4. Why cannot two adjacent stages in an amplifier be both 
‘common-collector circuits? 

5. Why is transformer coupling used between the penultimate 
and final stages most of all? 


24. Transistor Power Amplifiers 


The final stages of receivers may be connected either single- 
ended or push-pull. 

Single-ended configurations are mainly used in small-size 
receivers with a power output of 50 to 100 milliwatts. If the 
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(a) 


Fig. 4.17. Power amplifiers (final stages) 


(a) transformer-coupled output; (b) direct-coupled speaker in the collector lead 


al 





Fig. 4.18. Common-base power 
amplifier 


Fig. 4.19. Push-pull power amplifiers 


(a) with bias network; (b) with bias network and series negative feedback 


Fig. 4.20. Push-pull power amplifier 
with the emitter circuit connected to 
a tapping on the output transformer 





5* 
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impedance of the speaker differs markedly from the optimum 
load impedance, a matching transformer is provided at the out- 
put (Fig. 4.17). Speakers of a sufficiently high impedance may 
be directly connected to the collector circuit. 

Figure 4.18 shows a common-base power amplifier. 

Transistor push-pull power amplifiers come in a great variety 
of circuit configurations. Two of them are shown in Fig. 4.19. 
The one in (b) uses negative current feedback to reduce di- 
stortion. 

In the amplifier of Fig. 4.20, the emitter circuit is connected 
to a tapping on the output transformer. The negative current 
feedback effected in this arrangement minimizes both frequency 
and non-linear distortion. 

Figure 4.21 shows a common-collector push-pull amplifier. 
This configuration is often used in cases where the output cha- 
racteristics of the transistors are rather non-linear. 

As with single-ended circuits, the trend is likewise towards 
the use of circuits with direct-connected loads. Omission of the 
matching transformer minimizes frequency distortion in the low- 
frequency range. In one such circuit (Fig. 4.22) the power sup- 
ply has a centre tap (or there may be two power supplies). 
Figure 4.23 shows a push-pull amplifier with a single supply 
source and a speaker connected through a-high-capacitance capacitor. 

Bias stabilization is effected by provision of a voltage divider 
in the base circuit and of an external resistance in the emitter 
lead. Sometimes the divider is extended to include a thermistor 
(Fig. 4.24) to provide temperature compensation. 

In the circuit of Fig. 4.25 temperature compensation is accom- 
plished by crystal diodes. Another distinction of this circuit is 
that there is no centre tap on the input matching transformer. 
When the upper diode (in the diagram) is conducting, the lower 
one is cut off, and the whole of the secondary voltage appears 
across the ‘upper arm. 

As an example, consider the procedure for the calculation of 
a common-emitter power amplifier (Fig. 4.17a). 


Given: . 
1. Power output, Pont- 
2. Load resistance, R,. 


3. Lowest desired frequency, F,. 
-4. Limit of frequency distortion, M,. 
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2 ép BE 
aa | Ry 
Fig. 4.21. Common-collector push- Fig. 4.22. Push-pull amplifier 
pull amplifier with direct-connected load and 


two supply sources 


~ 





Fig. 4.23. Push-pull power am- Fig. 4.24. Push-pull power amplifier with 
plifier with direct-connected load a thermistor in the bias network 
and one supply source 


2l EE 


Fig. 4.25. Push-pull power am- 
plifer with temperature-compen- 
sating diodes 
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To Find: 


1. Transistor type. 

2. Operating conditions in the collector circuit. 

3. Collector load resistance, R,. 

4. Base current and input voltage. 

5. Input resistance of the stage and the power dissipated by 
the coupling circuit. 

6. Non-linear distortion, y. 

7. Primary inductance, L,. 

8. Transformation ratio of the output transformer, n. 


Design Procedure: 


l. The available power, that is, one to be delivered by the 
Stage 
Pout 
nT 

2. From considerations of the power handling capability of the 
stage, select the transistor type 


P rated = P av 


Po = 





and 
Ue rated Zz 2E saps 


if the supply voltage is specified in advance. 
3. Select the quiescent-point collector voltage 


Uco < Ue maxi 2 


4. The output characteristics of junction transistors are linear. 
Therefore the collector voltage efficiency may be raised to about 
unity and the collector current efficiency B may be brought 
down to 0.01-0.02. Then, the efficiency of the stage will be 
very near to 0.5. 

The efficiency of the stage is usually specified between 0.45 
and 0.48. As the supply voltage is reduced, the efficiency goes 
down to 0.3-0.4. Once the efficiency has been determined, the 
power dissipated by the collector circuit is found: 


P diss =P atM 
which is a maximum in the no-signal (quiescent) state. 
5. Determine the quiescent collector current 


Tai = P dissl Veo 





AUDIO-FREQUENCY TRANSISTOR AMPLIFIERS 135 


6. Determine the approximate value of the collector load 
resistance 


R= Vol 1 ea = 0.4U60/P (approx.) 

7. Plot the dynamic load line of the transistor from its static 
characteristics. The load line should pass through points with 
coordinates (Veo Zeo) and (0.1lu.,, Leo te) 

8. Determine the base current in the quiescent state, note it 
for several values of the collector voltage, transfer the values 
thus found onto the static input characteristics and plot the 
dynamic input characteristic. If instead of a family of input 
characteristics the data sheet gives only a typical curve for 
a specified collector voltage, use may in a first approximation 
be made of one static input characteristic. 

9. Determine E,,, 2/,, and 2V,, graphically from the dynamic 
input characteristic. 

10. Calculate the average input resistance 


Rin = 2V 40/21, 
11. Select the current for the bias stabilization network 
lia =(2 or 3) lyo 
12. Calculate R, and R, 
R, = Epo/ lis 
R, = (Veo — Evo)! (lia + Loo) 
If the emitter lead contains an external feedback resistor R, 
calculate R, and R, from the equations 
R, = (Epo + Ue)/1 15 
R, = (approx.) (Ueo — Ebo — %e)/( ie AP lpo) 
13. Determine the equivalent input resistance 
Rin eg = RinRia/(Rin + Ris) 
where 
. R,, = R,R,/(R, + R3) 
14. Determine the power dissipated by the coupling circuit: 
P in = (2V pe) /8Rin eg 
15. To determine the non-linear distortion due to the coup- 
ling circuit, plot a transfer (mutual) characteristic, that is, 


one relating the collector current to the signal voltage E,. The 
need for the transfer characteristic arises because some of the 
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signal voltage will inevitably be dropped across the interna! 
resistance R,-of the signal source. Hence, 

E,=V,.-+ 1,R, 
and the input voltage will be dependent on the base current so 
that the dynamic (a.c.) characteristic will be curved (non-linear). 

The transfer characteristic ].=F(E,) is calculated as follows. 

The source resistance is specified in advance to be anywhere bet- 
ween 50 and 300 ohms, and the signal source voltage is calcu- 
lated for various design values of /, and Z, 

Eg =VoautlyRs 

Ese =V per a lR 


Once the 7,=F (E,) curve is plotted, determine the collector- 
current harmonics by any of the graphical methods and find 
non-linear distortion (harmonic content): 


V 14+14+14 


y= 


lei 
16. Calculate the inductance of the transformer primary 
R R 
L, = —— — = — < (approx. 
"oak, V Mĝ—1  2aF,V M}—1 PES 
Since Ront ® Re, the equivalent resistance may be taken equal 
to the load resistance ` 


Reg = (approx.) R, 
17. Calculate the transformation ratio of the output transformer 
n=VR Rar 


Example 4.1. Calculate a transistor power amplifier (the final 
stage), if P,,,=1 watt, Ri =5 ohms, F, = 100 hertz, and M,=1.1. 


Solution. 
1. Putting nr =0.7, the power delivered by the stage should be 
P a = Pout /Np = 1 + 0.7 = 1.41 watts 


2. From a transistor data manual we select a I1201A_ power 
transistor whose parameters are: v. may = 30 volts, Io may = 1.5 am- 
peres, rated collector dissipation without a heat-sink P, patea = 1 watt, 
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Fig 4.26. Output characteristics of Soviet-made [1201A transistor 


and with a heat-sink = 10 watts. The output and input charac- 
teristics are shown in Figs. 4.26 and 4.27. 
3. Select the quiescent collector voltage 


Uo =10 volts < ease 
4. Put n=0.4 and find P4;,, 
diss = Pal = 1-41 + 0.4 = 3.52 watts 
5. Calculate the quiescent collector current 
lro = P disslV eo = 3.52 + 10 = 0.352 ampere 
6. Calculate the collector load resistance 
R, =V] eo = 10 + 0.352 = 28.4 ohms . 


7. Plot the load line. The load line in our example passes 
through the Q-point with the coordinates /,,=0.352 ampere, 
V, = 10 volts and has the terminal points B and C with the 
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Fig 4.27 Input characteristics of Soviet-made [201A transistor 


coordinates: 


point B: U, min = (approx.)0.1lu,, =1 volt 
lo max = leo +(0-90,4/R,) =0.67 ampere 
point C: Ve max = 1.90.5 = 19 volts 
I Ieo —(0.90,,/R,) = 0.035 ampere 


c min T tc 
From the load line, find the quiescent base current /,, = 4 mil- 
liamperes, the maximum base current /,,,,,=9.6 milliamperes, 
and the minimum base current /,,,;, =0.4 milliampere. 
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8. From the data thus obtained, plot the dynamic input cha- 
racteristic. 


9. From the dynamic input characteristic, find the quiescent 
base voltage E,, = 0.365 volt, the minimum base voltage Upe min = 
= 0.23 volt, the maximum base voltage Upe max = 0.47 volt 


21,= 15 max — lo min =9-6—0.4 =9.2 milliamperes 
2V pe = Ube max — Ube min = 9-47 — 0.23 = 0.24 volt 
10. Determine the average input resistance 
Rin = 2V,,/21, = 0.24 + 9.2 x 107°" = 26.1 ohms 
11. Select the current for the stabilization network 
la = (20r 3)/,,=2x4=8 milliamperes 
12. Calculate R,, R,, and R,. Putting v, = 1 volt: 


R, = (Eso +2,)/1 ia = (0.365 + 1) + 8x 107° = 171 ohms (approx.) 


__Uco—Ebo—Ve __ 10—0.365—1 _ 
Ree da ETa S onm 
R,=v,/] „= 1 + 0.352 = 2.84 ohms 


13. Calculate the equivalent input resistance 
R =R,R,/(R, + R,) = 720 x171 = (720 + 171) = 138 ohms 
Rine = RinRrol(Rin + Rig) = 26.1 x 138 + (26.1 + 138) = 21.9 ohms 
14. Find the power dissipated by the input circuit 
Pin = (2V) [8R in e = (0.24)? + (8 x 21.9) =0.33 milliwatt 
15. Plot the dynamic transfer characteristic 
1,=F (Es) 


Put R,=150 ohms and locate the points of the dynamic transfer 
characteristic by reference to the output characteristic: 

Point 1: 7,4,=35 milliamperes; /,,=—0.4 milliampere; Upe, = 
=0.23 volt | 


Ea = User + Rel p, = 0-23 + 150 0.4 x 10-* =0.29 volt 


Point 2: Ze = 190 milliamperes; /,,—=2 milliamperes; Upes = 
=0.32 volt 


E, = 0.32 + 1502 107-* =0.62 volt 
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Point 3: 1, ,=352 milliamperes; /,,=4 milliamperes; Upes = 
=0.365 volt . 


E s = 0.365 + 150 x 4x 107? = 0.965 volt 
Point 4: /,(4,=500 milliamperes; /,,=6 milliamperes; Upe, = 
=0.415 volt 
E,,=0.415+ 150 x6 x 107-°= 1.315 volts 
Point 5: /,.,,=670 milliamperes; /,,=9.6 milliamperes; Upes = 
=-0.47 volt 
E,, = 0.47 + 150x9.6 x 107° =1.91 volts 
The dynamic transfer characteristic plotted by these points is 
shown in Fig. 4.28. 
In order to find the collector-current harmonics, calculate the 
instantaneous voltages: 
2V in = E p — Eg, = 1.91 — 0.29 = 1.62 volts 
Vin = 0.81 volt 
Vin/2 = 0.81 + 2=0.405 volt 
and the instantaneous currents: 


lo min = 930 milliampere at E, min 
lo max = 670 milliamperes at Es max 
la = 395 milliamperes at E, min +Vin 
la =565 milliamperes at E, min + 3V in/2 
Ia = 222 milliamperes at E, min F Vinl2 


Then, the collector-current harmonics are: 
l 2 (Ue mart le min) t (lea —1 2) 
3 


ci 
= 60—35 t 66822 — 326 milliamperes 


= P5 Ce max te min) too c —21 milliamperes 


Ia = Memes te mid Calea L 8.5 milliamperes 


Log = he max} le min) 4 leat letso = 0.58 milliampere 


lUe maxtle mint? Vat!e) _ 373 milliamperes 
6 


c av 
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Fig. 4.28 Dynamic transfer characteristic 


Hence, the non-linear distortion is 


2 2 2 
y= LAE ESE EEE’ = 0.07 (approx.) 
e 


16. Calculate the inductance of the transformer primary: 
Dae es 
onF,V M?—1 
17. Determine the transformation ratio of the output transformer 
n=VR IRM =0.5 


= 0.0985 henry (approx.) 





142 RADIO RECEIVERS 


Review Questions 


1. Why is the efficiency of single-ended transistor power am- 
plifiers greater than that of valve amplifiers? 

2. Why is non-linear distortion greater in a transistor amplifier 
than in a valve amplifier? 

3. Why will the split load minimize non-linear distortion? 

4. How can a push-pull amplifier be built without a phase-in- 
version stage? 

5. Develop the circuit diagram of a push-pull amplifier without 
a phase inverter. 





CHAPTER V 
AERIAL-INPUT CIRCUITS 


25. General 


An aerial-input (or aerial-coupling) circuit is one which couples 
the aerial to the receiver and partly filters out unwanted frequen- 
cies. Most receivers use resonant circuits for the purpose. 

Aerial-input circuits may be classed according to (1) the type 
of resonant circuit or circuits used, and (2) the method of coup- 
ling between the aerial and the receiver tuned circuit. 

As to type of resonant circuit, it may be either single or 
coupled. The most commonly used type is a single resonant cir- 
cuit. 

As to method of coupling between the aerial and the receiver, 
the choice is mainly decided by the type of aerial system used. 
On long, medium, and short waves, untuned aerials are commonly 
used. They are usually earthed vertical wires, although inverted-L 
and T-aerials are also common. With them, use is made of ca- 
pacitative coupling (Fig. 5.la), inductive coupling (Fig. 5.10), 
and capacitative-inductive coupling (Fig. 5.1c). 

Communication receivers for short and ultra-short wavelengths, 
as well as TV receivers, use tuned balanced aerials from which 
the r. f. energy is conveyed to the receiver by a transmission 
line, and this should be coupled to the receiver through a matching 
transformer or tapped coil (autotransformer). 

Broadcast receivers, especially portable ones use built-in ferrite- 
rod (or loopstick) aerials. 

In analysis, the aerial-coupling circuit along with the tuned 
circuit of the receiver are represented by a common equivalent 
circuit, in which the aerial is approximated by a constant-voltage 
generator of emf E} and of internal impedance Z,, which has 
components r,, C,, and L, whose effect is felt on long, medium 
and partly short waves. An equivalent circuit for the aerial on 
these wavelengths is shown in Fig. 5.2. Other factors controlling 
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66) 


Fig. 5.1. Single-tuned aerial- 
input circuits 

(a) capacitative coupling, (b)in- 

(c) ductive coupling; (c) capacitative- 
inductive coupling 





the aerial parameters are its geometry, location, height above 
terrain, etc. For a standard broadcast aerial with an effective 
height of 4 metres, r,=25 ohms, L,=20 microhenrys, and 
C= 150 to 300 picofarads. These are average values which may 
vary considerably in specific cases. 

Analysis of aerial-input circuits deals with: 

(1) The voltage gain defined as the ratio of the voltage at 
the first stage of the receiver to that fed by the aerial. 

(2) Variations in the voltage gain with frequency over the 
operating band. 

(3) The selectivity of the aerial-input circuit. 

(4) The effect of the aerial on the associated tuned circuit. 
The point is that the aerial and the tuned circuit make up a 


H 
A “G 


d 


Fig. 5.2. Equivalent circuit of 
an aerial 
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coupled circuit, in which the primary may affect the secondary 
and vice versa. This aspect materially affects the choice of 
coupling between the two. 


Review Questions 


1. Name the factors governing the choice of aerial coupling. 

2. Why is it important to reckon with the effect of the aerial 
on the associated tuned circuit? 

3. Which parameter of the receiver is affected by variations 
in the voltage gain of the aerial-coupling circuit with frequency? 


26. Capacitative:y-coupled Aerial-input Circuit 


Let the capacitatively-coupled aerial-input circuit of Fig. 5.la 
be replaced with its equivalent circuit, shown in Fig. 5.3a. With 
the coupling capacitance C, series-connected with the aerial lead, 
the total capacitance 


C’,=C,C NC, + Ca) 
decreases, and the capacitative reactance of the circuit be- 
comes much higher than its inductive reactance, so that the 
latter may be dropped from the equivalent circuit. For the same 
reason, r4 (at b) may be omitted from the circuit without sacri- 
ficing the accuracy to any considerable extent. 





(c) A) 


Fig. 5.3. Conversion of an aerial-input circuit into an equivalent series-re- 
sonant circuit 
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To simplify the equivalent circuit still more, we apply Théve- 
nin’s theorem. 

Taking points ab as the output terminals of a two-port and 
its impedance with the input port short-circuited as the internal 
impedance, we obtain the equivalent circuit of Fig. 5.3c. 

The final equivalent circuit is given in Fig. 5.3d. In this 
circuit, C’,and C are lumped into an equivalent capacitance 
C.,=C’,+C. This is a series resonant circuit having the following 
parameters: | 


L=L 
C CAC (5.1) 
r=f 


Using the equivalent circuit, determine the basic parameters 
of the aerial-input circuit. 
The voltage gain at resonance is given by 
Ve 
K, == EA 
The resonance voltage V, across the inductance (see Fig. 5.3d) 
may be written in terms of the Q-factor of the tuned circuit 
V,=VQ (5.2) 
where V is the voltage of the equivalent generator and is 
determined from the circuit of Fig. 5.36, with the load discon- 
nected from points ab. From circuit (b) it is seen that E, is 
applied to a capacitative voltage divider consisting of series- 
connected capacitances C’, and C. V across C may be found 
from 








Ea cC 
V Ctot 
where 
CC 

tot — C, Je C 

Therefore, 
C c 
V=E, A A 


aae T AC 
Substituting this expression in (5.2) gives 


V, -VQ = E,Q 2 
a7 Q= aT 
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Hence, the voltage gain at resonance is 


Ve C'À 
Ko Eq? a (5.3) 

From Eq. (5.3) it is possible to evaluate the voltage gain K, 
by comparing it with the Q-factor of the unloaded tuned circuit 
(that is, taken separately). A comparison will show that the vol- 
tage gain of the aerial-input circuit at resonance is considerably 
smaller than the Q-factor of the unloaded tuned circuit, which 
is due to the coupling capacitance C, in the aerial-input circuit. 

With comparatively high values of the Q-factor of the tuned 
circuit, K, does not exceed 10. 

Example 5.1. The effective Q-factor (that is, that of a loaded 
tuned circuit) is 100. The tuned circuit is coupled to an aerial 
through C,=15 picofarads. The tuned-circuit capacitance is 
C=250 picofarads. Determine the voltage gain of the aerial- 
input circuit. 

Solution: Putting C= 200 picofarads, find the capacitance C’, 
coupled into the tuned circuit by the aerial: 


C’,=C,C,/(C,+C,) = 14 picofarads 
Hence, the equivalent capacitance of the aerial-input circuit is 
Ceg =C’ a +C = 14 +250 = 264 picofarads 
The voltage gain of the aerial-input circuit is 
K, =Q,;C' a/C eg = 100 x 14 + 264 = 5.3 


Variations in the voltage gain with frequency may be found 
from 





Ko = QC 4/C eq 

The value of Q=o,L/r remains almost unchanged over the 
frequency range because an increase in œL is accompanied by 
an increase in the series loss resistance r. The equivalent capa- 
citance C,, of a tuned circuit with a variable tuning capacitor 
is approximately inversely proportional to the square of the 
frequency. Consequently, the voltage gain of the aerial-input 
circuit is likewise a quadratic function of the tuning frequency. 
A plot of the function K,=@(f) is shown in Fig. 5.4. As is 
seen, the voltage gain of the aerial-input circuit is low at the 
low frequencies of the tuning range and high at the 
high frequencies. This is a disadvantage of capacitative coupling 
between the aerial and the tuned circuit of the receiver. 
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‘9 


Fig. 5.4. Voltage gain of an input circuit, 
capacitatively coupled to an aerial, as a func- 4 ly F 
tion of frequency 


In the case just examined we have seen that the aerial couples 
a capacitance C’, into the tuned circuit. A more rigorous- 
analysis would show that the aerial also couples an additional 
loss resistance into the tuned circuit. In other words, the aerial 
detunes the tuned circuit owing to an increase in the tuned- 
circuit capacitance and impairs its Q-factor. Therefore, for prac- 
tical purposes, the Q-factor of the loaded tuned circuit should 
be taken equal to 0.8 to 0.9 of its Q-factor when unloaded. That 
is, in Eq. (5.3), the Q must be replaced with the Q,,. 

' The effect of the aerial on the tuned circuit is of practical 
importance in alignment of the aerial-input circuit. If the resultant 
detuning were a fixed quantity, it could be easily compensated 
by adjustment of a tuned-circuit parameter. Unfortunately, C4 
may, due to some factors, vary from a half to twice its middle 
value, and the value of C’, coupled into the tuned circuit will 
also be a varying quantity. C’, may be made more or less fixed 
through loose coupling between the aerial and the tuned circuit. 
This is why the coupling capacitor is usually 10 to 30 picofarads. 

The selectivity of the aerial-input circuit is determined from 
its series-resonant equivalent circuit, using the resonance-curve 


equation: 
Y=1V1IFe (5.4) 
where 
x = (0/0 — 04/0) Qe; = approx. 2AfQ sfo 


and Af is the separation from the resonant frequency. The reso- 
nance curve described by Eq. (5.4) is shown in Fig. 5.5. The 
separation from the resonant frequency, Af=f,—f, is laid off 
as abscissa, fẹ is the resonant frequency of the aerial-input circuit, 
and f is the signal frequency. When f,=/, the circuit is at 
resonanice. 

The bandwidth of the aerial-input circuit can be derived 
from Eq. (5.4). Taking Af as a half-bandwidth, the ordinate 
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Fig. 5.5. Resonance curve of the aerial- 
input circuit 





Y corresponding to a specified harmonic content (frequency 
distortion) M will locate the bandwidth, 2AF. 

Substituting M for Y and 2AF for 2Af in Eq. (5.4), and 
writing out x in full gives 


l 





a 2AF 3 
V + (Fe) 
Solving Eq. (5.5) for 2AF gives the bandwidth 
l 
2AF = fe- V (5.6) 


Capacitatively-coupled aerial-input circuits are mainly used in 
fixed-tuned or narrow-band receivers. 


-Review Questions 


1. Why is it that the voltage gain of an aerial-input circuit 
is less than its Q-factor? 

2. What effect has the coupling capacitance on the voltage 
gain of the aerial-input circuit? 

3. Why is it that the coupling capacitance is chosen to be small? 

4. What factors control the selectivity of the aerial-input cir- 
- cuit? 


27. An Inductively-coupled Aerial-input Circuit 


An inductively-coupled aerial-inpu t circuit is shown in Fig. 5.10. 
Its equivalent circuit appears in Fig. 5.6a. Neglecting the 
aerial inductance L,, which is a small fraction (20 microhenrys) 
of that of the coupling coil Le, we obtain two resonant circuits 
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Agp 

7 3 — 
Ld] 
(4) 


Fig 5.6. Equivalent circuits of an inductively-coupled aerial-input circuit 


tuned to different frequencies (stagger tuning). The frequency 
of the aerial circuit is 


l 


ham Vr 
The frequency of the tuned circuit 
| ioe eee 
2n y LC 


The aerial circuit has a fixed frequency f,, which is chosen 
when the receiver is being designed. The frequency of the tuned 
circuit can be changed within a definite range by a variable 
capacitor. 

To decrease the effect of the aerial on the tuned circuit, the 
coupling between them is set to be less than optimum. 

The voltage gain of the aerial-input circuit may be deter- 
mined from the circuit of Fig. 5.6b, obtained with the aid of 
Thévenin’s theorem. By definition, the voltage gain at resonance is 

V 
= EE (5.7) 
The output voltage of the tuned circuit is 
V,=VQ 


where Q is the figure-of-merit of the tunable circuit. 
The equivalent-generator voltage V is found from Fig. 5.6a 
across points a-b, with the load disconnected 


V=/,0M 
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The current /, in the aerial circuit is 


E 
ia 
A A 
Hence 
oM 
V=E, Za 
where: 


Ly v r? + (oL=) = ol, 


The resistance r, of the aerial circuit is considerably less 
than its reactance, and so the contribution of r, to Z, may be 








disregarded. 
After substitutions, we obtain 
M M 
oe, 
Oke — oC 4 ole (1—07 ) 
Since 
l PNS 2 
L.C 4 a 
then 
VE 


2 
0A 
Le (i 24) 


Writing M in (a) in terms of the coefficient of yee k, 
M=kV L,L 


k pA 
V =E; —r Vez 
p— a : 
P 
V, at the output of the POR gireun is Q times V: 


we get 


V= Ea iy uF) VE (5.8) 
Substituting Eq. (5.8) in Eq. (5.7), we obtain 
V k E 
Maen e CR a 


I 
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Fig. 5.7. Variations in the vol- 
tage gain of the aerial-circuit 
with inductive coupling Gath f 





The voltage gain of an inductively and capacitatively coupled 
aerial-input circuit is considerably less than the Q of the tuned 
circuit due to incomplete transfer of the emf from the aerial. 

The selectivity of the aerial-input circuit is determined as 
that of an equivalent series circuit, because two coupled circuits 
may be represented by an equivalent series circuit which allows 
for the effect of one circuit on the other. 

The selectivity and bandwidth can be found from Eqs. (5.4) 
and (5.6), assuming that Q,,=0.8 to 0.9 Q (approximately). 

The voltage gain as a function of frequency may be found as 
follows. The transmission of the signal from the aerial to the 
first valve may be thought of as transmission of the signal volt- 
age from the aerial into the tuned circuit where this voltage 
is amplified Q times. If the Q of the input tuned circuit is 
deemed constant over the entire frequency range, then variations 
in gain with frequency will only be due to the resonant properties 
of the aerial circuit and voltage transfer from the aerial to the 
tuned circuit. Equation (5.9) does not give an exact picture of 
the resonant properties of the aerial circuit. The resonance curve 
of the aerial circuit is unsymmetrical, due to the loss resistance 
coupled in from the secondary circuit (Fig. 5.7). 

The frequency range of the aerial-input circuit may use 
different portions of the resonance curve of the aerial, namely 
below, above or near the resonant frequency of the aerial circuit. 

When fa >fe (A, < da), the aerial circuit (case a) is called 
short. When fa < fe (àa > àe) the aerial circuit (case b) is 
called long. 
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With a short aerial circuit (see Fig. 5.7a), the voltage gain 
in the tuning range is represented by the rising portion of the 
resonance curve (the full line), reflecting a considerable change 
in gain with frequency. 
= With a long aerial circuit (see Fig. 5.76), the voltage gain is 
represented by the descending portion of the curve, reflecting 
the fact that the gain remains almost unchanged over the range. 
When the resonant frequency of the aerial circuit is within the 
tuning range (see Fig. 5.7c), the gain over the range is not uni- 
form, and this case is not used in practice. 

Most modern receivers employ a long aerial circuit. 

The effect of the aerial on the tuned circuit is insignificant. 

Since, however, the aerial parameters are varying quantities, 
the amount of detuning caused by the aerial will also be va- 
rying. 

To make the relative detuning as small as it is with capacita- - 
tive coupling, the degree of coupling within the aerial-input 
circuit should not exceed a definite value. 


Review Questions 


1. What defines the aerial circuit as short or long? 

2. Which of the circuit elements makes the aerial circuit short 
or long? 

3. How can the effect of the aerial on the tuned circuit be 
minimized? 

4. What governs the bandwidth of the aerial-input circuit? 


28. Aerial-input Circuit for a Ferrite-rod Aerial 


With a ferrite-rod aerial (also called a loopstick aerial), the 
aerial-input circuit is a single resonant circuit composed of the 
tuned-circuit capacitor and the tuned-circuit inductor inside 
which there is a ferrite rod. 

Ferrite rods used for aerials are usually circular or square 
in cross-section. Circular rods are usually 8 to 10 mm in dia- 
meter and 70 to 150 mm long. 

Like a frame aerial, a ferrite-rod aerial is a directional one, 
securing an amount of spatial selectivity for the receiver. In 
table receivers, the ferrite-rod aerial can be oriented for a 
maximum signal with a knob; in portable receivers this is done 
by moving about the receiver itself, 
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Fig. 5.8. Ferrite-aerial coupling 
circuit connected directly in the 
grid lead 





In broadcast receivers, built-in ferrite-rod aerials are usu- 
ally used in the long and medium wavebands The initial relative 
permeability of the ferrite rods used for the purpose is from 600 
to 1000 (in Soviet-made types). The effective height is low, 
being 0.005 to 0.015 m. The Q-factor of aerial-input circuits 
with ferrite rods is 100 to 200. 

The joint action of a ferrite-rod aerial of effective height 
h,, and the associated resonant circuit of quality Q is equivalent 
to an increase in the effective height to 


hey = hQ (5.10) 


where h is the effective height of a loaded ferrite-rod aerial. 
If receiver sensitivity is known (which for receivers with built-in 
aerials is defined in terms of the electric intensity E at the 
point of reception), the voltage V,,, across the input resonant 
circuit will be given by 


Vert = Eh, (5.11) 


It defines the efficiency of the ferrite-rod aerial. 

Ferrite-rod aerial-input circuits may be connected to the 
first stage of the receiver in several ways. In valve receivers, 
the usual method is direct connection as shown in Fig. 5.8. 
In transistor receivers, use is made of either transformer coupl- 
ing (Fig. 5.9a) or tapped-coil (autotransformer) coupling 
(Fig. 5.96). Tapped-coil connection reduces the shunting effect 
of the low input resistance of the transistor on the tuned coupl- 
ing circuit. 

The selectivity and bandwidth of the ferrite-aeriql coupling 
circuit depend on the loaded Q-factor and can be determined 
from Eqs. (5.4) and (5.6). It should be remembered, however, 
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Fig. 5.9. Connection of a ferrite-aerial coupling circuit to a transistor receiver: 
(a) transformer coupling; (b) tapped-coil coupling 


“ér 


that in transistor receivers using the arrangements of Fig. 5.9, 
the condition for maximum power output (perfect impedance 
matching) will halve the loaded Q-factor: 


Qes = Q/2 


Review Questions 


l. Define the spatial selectivity of the receiver. 

2. How is the efficiency of a ferrite-rod aerial evaluated? 

3. Why is it that in transistor receivers the aerial coupling 
circuit is not directly connected to the receiver? 


29. Calculation of Aerial-input Circuits for Long, Medium and Short 
Waves 


Calculation of a Capacitatively-coupled Aerial-input Circuit 


Given: 


1. Frequency band, f,-f,. 
2. Maximum capacitance Cmax of the variable capacitor. 


3. Loaded Q-factor, Q,,. 
4. Aerial parameters, Cå, fa- 


To Find: 


1. Coupling capacitance C,. 
2. Voltage gain K, at three points of the band. 
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Design Procedure: 


1. Assume that C, is 10 to 30 picofarads. 

2. Determine the tuned-circuit capacitance (with allowance for 
the aerial effect) at three points of the band: 

(a) fi 


‘ Cac 
Cog (max) C nax +Ca= C nax + T C; 





(b) m = fath 


2 
Cog (av) T Cog (max) (4) 
(c) fr j 
2 
Ceg (min) = Cog (max) (4) 
3. Determine the voltage gain for the three points of the band 
c 
K, = Qer Ce 


4. Plot K, as a function of frequency. 


Calculation of a Long Inductively-coupled Aerial-input Circuit 
Given: 


1. Frequency band, /,-f,. 

2. Loaded Q-factor, Q,,. 

3. Tuned-circuit inductance, L. 

4. Aerial capacitance, Cy p»in-Ca max. 


To Find: 


1. Coefficient of coupling, &. 
2. Coupling inductance, L,. 
3. Voltage gain, K,, at three points of the band. 


Design Procedure: 


l. Determine the maximum (f,) and minimum (f,) frequencies 
of the equivalent aerial circuit. 
For long and medium wavelengths, the maximum frequency is: 


fan =(0.5 to 0.8)f, 
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For the short-wave range: 
fan=(0.25 to 0.3)f, 


The minimum frequency, regardless of the range: 


fai Ez 





2. Find the optimum coefficient of coupling kopt Which will 
limit the detuning due to the aerial to Bp: 


= B(i—A)(1—B) 
kop = 2 y aes 


where 
A= (lt i 
B= [h ‘ 
ca 
p= 0.5 77 


The coefficient of coupling for the subsequent computation 
should be so selected that k < kopt and does not exceed its 
realisable value. 

With a universal winding 


k=0.5-0.6 
With a single-layer cylindrical winding 
k=0.4-0.5 


3. Determine the inductance of the coupling coil 
Ee x 1010 
Ca min lian 
where L is in microhenrys, C in picofarads, and f} in kilohertz. 


4, Find the voltage gain of the aerial-input circuit at three 
points of the band 


k We 
newer lai VE 
ie 
Calculation is carried out for {,=f,, because we obtain- a 
minimum value of K, in this case. 
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SUMMARY 


1. Any aerial-input circuit is characterised by voltage gain 
which is smaller than the Q of the tuned circuit used. 

2. The selectivity of the aerial-input circuit is chiefly deter- 
mined by the resonant properties of the tunable circuit. 

3. From the circuits studied above the voltage gain changes 
ee frequency in a long inductively-coupled aerial-input 
circuit. 

4. The aerial affects the tunable circuit introducing resistance 
and reactance into it. With loose coupling, this effect is negli- 
gible. 

5. The most commonly used arrangement is a single-tuned, 
inductively-coupled aerial-input circuit. 

Capacitative coupling is mainly used on narrow bands or 
when a receiver operates at a fixed frequency. 

6. Aerial-input circuits with built-in ferrite-rod aerials are 
mainly used on long and medium waves, in both valve and 
transistor receivers. 


æ Problems 


5.1. Determine the voltage gain of an inductively-coupled 
aerial-input circuit, if C200 picofarads; f=900 kilohertz; 
r=15 ohms; C,=20 picofarads; C, = 150 picofarads; Q,,=0.9Q. 

Answer: K, = 4.3. 

5.2. Determine the voltage gain of the aerial-input circuit in 
Problem 5.1 when the tuned-circuit capacitance C is halved. 

Answer: K, = 17.7. 

5.3. From the data of Problem 5.1, find the percentage change 
of the tuned-circuit capacitance as the aerial capacitance C, changes 
from 150 to 300 picofarads. 

AC’, 

Answer: Cog 7051/0 

5.4. Solve Problem 5.3 when the coupling capacitance C, is 
60 picofarads. 


AC i 
Answer: 5 = 2.8"/,. 


5.5. Determine the voltage gain of an inductively-coupled 
aerial-input circuit at two points of the range, if L= 300 micro- 
henrys,; Q=67; L,=2,100 microhenrys; f= 1,300 kilohertz; 
f= 400 kilohertz; k= 0.2, | 


| 
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The aerial capacitance C} changes from 150 to 300 picofarads. 


Answer: For f,= 400 kilohertz, K,=6.8 4,<0.7f,) 
For f, = 1,300 kilohertz, K,—5.2 t An=V-t]y 


5.6. Calculate inductive coupling for an aerial-input circuit if: 

(a) Frequency band: f,=150 kilohertz, f„=400 kilohertz; 
tuned-circuit inductance L=2,080 microhenrys; the Q of the 
tuned circuit is 50; C,=150 to 300 picofarads. 


Answer: K,=4.7 (f =150 kilohertz; fa ,=0.8f,) 
K, =3.3 (f = 400 kilohertz) 
(b) f, =6x 10° kilohertz; f, = 20x 10° kilohertz; L=1.3 micro- 
henrys; Q=67; C,=150 to 300 picofarads. 


Answer: K,=5.5 (f=6 megahertz) ae a 
K,=5.3 (f=20 megahertz) \ at fa,=0.25f,, k=0.6 


CHAPTER VI 
RADIO-FREQUENCY AMPLIFIERS 





30. General 


The functions of a radio-frequency (r.f.) amplifier are to increase 
the voltage of the radio-frequency signal and to secure the 
required selectivity of the receiver. 

The voltage applied to the input of an r.f. amplifier is from 
units to hundreds of microvolts, depending on the sensitivity of 
the receiver. Since normal operation of a detector is obtained 
only when the radio-frequency signal applied to its input is 
several volts, it follows that before the signal reaches the detec- 
tor it should be amplified a million times or more. Such voltage 
gain may be obtained only with the aid of several amplifier 
stages. 

An r.f. amplifier stage, just as an a.f. one, contains a valve 
or a transistor and a load. The load is a resonant circuit tuned to 
the frequency of the signal applied to the input of the stage. 
This resonant circuit may be a single tuned circuit or a band- 
pass filter. 

R.f. amplifiers in which single tuned circuits serve as load 
are known as tuned amplifiers. R.f. amplifiers employing band- 
pass filters for load are called band-pass or filter amplifiers. 

Band-pass amplifiers have a nearly rectangular resonance curve, 
are usually fixed-tuned and are chiefly used as i.f. (intermediate- 
frequency) amplifiers in superheterodyne receivers. In some recei- 
vers one of r.f. amplifier stages is RC-coupled. It does not pos- 
sess resonance properties and is called an untuned stage. 

The present chapter deals with tuned and band-pass amplifiers 
for long, medium and short waves. Amplification in the micro- 
wave region is treated in Chapter XIV. 

Amplifier circuits are evaluated in terms of stage gain and 
selectivity, and—in the case of wideband amplifiers—also the 
gain/frequency response. 
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Stage gain is defined as the ratio of input to output voltage: 


K Zs Vout 


Vin 
If an amplifier has several stages with gains K,, Ka, Ks... Km 
the total gain is the product of the gains of the individual stages 


Keak, K, K, ine Kn (6.1) 

Stage selectivity is evaluated from the resonance curve and 

is determined by the ordinate for a given am unt off resonance, 

Af. The selectivity of a multi-stage amplifier is the product of 
the selectivities Y of the individual stages: 


Y=YYX¥Y,...Y, (6.2) 


Review Questions 


1. What is the shape of the resonance curve of an untuned 
amplifier? 
2. Define the gain and selectivity of a multi-stage amplifier. 


31. Tuned Amplifiers 


Tuned amplifiers are usually of the wideband variety because 
they are designed to amplify a definite band of frequencies. 
Such amplifiers may be tuned by varying either the tuned-cir- 
cuit capacitance or, occasionally, the tuned-circuit inductance. 

Single-stage Tuned-anode Amplifier. A relatively weak r.f. 
signal V, applied to the input of the stage (Fig. 6.1) gives rise 
to an alfernating current 7, in the anode circuit of the valve. 





Fig. 6.1. Tuned-anode amplifier 


6—487 
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The parallel tuned circuit, connected into the anode circuit, 
is tuned to the frequency of the incoming signal and presents 
a high resistance to J, 


wal? 
Roe =R > 


such that the output voltage of the stage is 
TRoe=Va 


Other frequencies will not produce the same effect, because the 
impedance of the tuned circuit will be less than the equivalent 
resonant resistance R,, at these frequencies. The output voltage 
from the tuned circuit is fed to the grid of the next stage by 
a coupling network C,R,. 

A few words should be said about connection of the variable 
tuning capacitor C,. When the operator rotates the capacitor, he 
introduces an additional capacitance into the circuit, thus chang- 
ing its tuning. This effect is known as the “hand capacitance”. 
The hand capacitance may be eliminated by connecting the rotor 

-to the receiver chassis which is at earth (zero) potential. The 
bypass capacitor C, does the job without short-circuiting the 
anode supply source. . 
= If the bypass capacitor is not to change the total capacitance 
of the tuned circuit, the capacitance of the circuit must be 
many times the maximum capacitance of the tuning capacitor C}. 

Figure 6.2 shows an r.f. equivalent circuit of the stage. The 
valve is replaced by a generator of emf pV, and of internal 
resistance R,. The anode load is represented by an RLC reso- 
nant circuit along with the circuits parallel to it. 

C is the capacitance of the tuned circuit, L is the tuned-cir- 
cuit inductance, R is the resistance of the tuned circuit, R, is 
the grid-leak resistor, R;, is the input resistance of the next 
stage (from the grid to cathode), and C, is the total shunt capa- 
citance of the circuit, i.e. the sum of the valve output capaci- 


Fig. 6.2. Equivalent circuit of a tuned- 
anode amplifier 
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(a) i (b) 


Fig. 6.3. Equivalent circuits of a tuned amplifier at resonance 


tance Cot the input capacitance C;, of the next stage, and the 
distributed-capacitance C,, of the wiring 


C, = Cont ae Cin ar Cy 


The coupling capacitor C, whose reactance to r.f. currents is 
negligible is not shown in the equivalent circuit. 

The stage gain may be found from the equivalent circuits of 
Fig. 6.3 which hold at resonance. In circuit a, the tuned cir- 
cuit LC-+C,R is represented by its resonant resistance R,, and 
by R, and Rim which are connected in parallel with it. Rep- 


lacing the three parallel resistances by Roe we obtain circuit b. 
To determine the stage gain from Eq. (1.9), we put 
Za =R 
Then 
pacte 
*  RatRoe 
Multiplying both sides by Roe gives 
uV 


I pass £ a 
Ro =e Ro 
Noting that I Roe =V., we have 
uV 
Va E Sy + 
rere 
Dividing both sides by V, gives the stage. gain 


V Roe ` | 
K, =p "4 6.3 
6* ° Ve Rat+Roe 2) 
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As a rule, r.f. amplifiers employ pentodes. In most r.f. pen- 
todes, R,>0.5 megohm, while the resonant resistance R,, of 
the tuned circuit is about 0.2 megohm only on long waves; on 
medium and short waves R,, does not exceed a few tens of 
kilohms. Hence, Rj. may be disregarded as compared with R, 
in the denominator of Eq. (6.3). 


Then 
Ky =e Ree 
Replacing %- z bY the mutual conductance g„ gives 
Ko = 8mRoe (6.4) 


Or, in words, the stage gain of a tuned anode amplifier is 
determined only by the mutual conductance g, of the valve 
and by the equivalent anode load resistance Roe- 

The value of Ro and its relation to R, and R;, which shunt 
the tuned circuit may be established from the curcuit of 
Fig. 6.3a 

pe ai ate AS ce IE 
Roe Roe Rg Rin 
It follows that 
, RoeRgRin 
Roe = RoeRg+ RoeRin + RgRin 


Dividing the numerator and denominator by R,R;,, we obtain 


Rea Berg C2) 
Ris Rp 


The shunting effect of R, and R;,, on the tuned circuit will be 
minimized when 


R Roe 
Rin > Roe 


Example 6.1. Determine the stage gain of a tuned amplifier 
employing a 6KIII pentode for Ry, = 40 kilohms, Rz=1 megohm. 
R,, is so high as to be neglected. 

Solution. Referring to the valve manual, we find that a 
6KIII pentode normally has g„= 1.85 milliamperes per volt and 
R,=0.45 megohm. 
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Then 
Rie = pe — = Go — = 39 kilohms 
oe Roe 
Rint Rpt) Too! 
The gain is 


| K, = SmRoe = 1.85 x 107° x 39 x 10° = 72 


The change of the equivalent resistance from R, to Ree may 
be regarded as a result of the shunting effect of R, and R,, 
on the resistive component R of the tuned circuit 


, aL? 
Re = R (6.6) 
where R’ is the new value of the tuned-circuit resistance equal to 
R’=R+AR 


In Fig. 6.4a, the anode load Rj, is represented by an equiva: 
lent resonant circuit of resistance R’, 
The resistance R’ may be obtained from Eq. (6.6): 


R= wl? 





(6.7) 


r 
Roe 





(c) 


Fig. 6.4. Reducing the. equivalent circuit of a tuned amplifier to a series 
resonant circuit 
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Replacing Ro, by its expression from Eq. (6.5), and noting 
that 


See 
we obtain 
R'=R(1 +R +R) 6.8) 


From Eq. (6.8) it is seen that the incremental resistance of 
the tuned circuit depends upon the ratios R,,/R;, and R,,/R,. 

Now we shall transform the circuit of Fig. 6.4a by Théve- 
nin’s theorem, assuming that ab is the output port of the four- 
terminal network. Then C+C, and the internal: resistance of 
the network seen looking into ab will be connected in series 
with the equivalent generator Vi» (Fig. 6.46). The internal 
resistance .seen looking into ab is determined with the network 
input short-circuited. 

In Fig. 6.46, the parallel connection at points ab is replaced 
by an equivalent series combination consisting of R,, L and 
C+C, where R, is the equivalent resistance which may be 
obtained from Eq. 1.11 


R= R +S 
Multiplying the second term of the E side by -$ 


we obtain 


a 





Re RAR TSR HRE 


The final equivalent circuit of a tuned ere (Fig. 6.40) 
is a series resonant circuit with parameters L, C+C, and R, 


Noting Eq. (6.8), the total resistance of the series equivalent 
circuit is 


R, “Ril teeta) + Ree 
After simplification, 


R,=R (1 + Re +R Roe e p Bs (6.9) 
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The selectivity and bandwidth of a single-stage amplifier are 
determined by the Q-factor of the loaded tuned circuit 


Q L WoL 
ef Re R R R 
e 14 Roe, Roe, Roe 
R | TR HRR) 
Qer = RE (6.10) 


Roe., Roe 
From Eq. (6.10) it follows that Q,; < Q. This is an indication 
that the resonance curve of a single-stage amplifier is more flat- 


tened than that of the unloaded tuned circuit. 
The resonance curve of an amplifier is described by a simple 


expression 
l n 
Y= (v3) (6.11) 
where: x= generalized separation from resonance, defined as | 


2 (fo—f) 
reran e 
f, = signal (resonant) frequency — 
f= unwanted frequency 
n=number of tuned circuits. (including the. aerial-input 
tuned circuit). 


In calculation, the quantity d= is often used, showing the 


attenuation of the unwanted signal at Af =f—f, from resonance. 

The bandwidth of a tuned amplifier can be derived from 
Eq. (6.11). Taking Af as a half-bandwidtk, the ordinate Y cor- 
responding to a specified harmonic content (frequency distortion) 
M will define the bandwidth, 2AF. Substituting M for Y and 
2AF for 2Af, re-arranging, and solving for 2AF will give the 
bandwidth of. a tuned-anode amplifier 


WF = g/m (6.12) 
Qe x M2 


If n=1 and the frequency distortion M = 0.707, the band- 
width 2AF =f is that of the tuned circuit taken separately. 


Example 6.2. Find the Q,, and the selectivity of the tuned 
anode amplifier in Example 6.1. It is also known -that Q = 60; 
f,=500 kilohertz; f=510 kilohertz. 
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Solution. The loaded Q-factor is 


Q 60 ` 
Q = — oes = 98 
Roe , Roe , Roe 40 407 
l FR, Rin R, 14 1,000 * 460 


The generalized detuning 


_ 2(f —fo) _ 2x10-5 
xO, = Foy BS = 21 


Using d=1/Y, the selectivity is 
d=V1i+x?=V142.1? =2.32 


A tuned amplifier incorporated into a broadcast or commu- 
nication receiver is expected to cover a considerable frequency 
range. Such a range is usually broken up into a number of 
bands. Within each band, the amplifier is tuned with a variable 
capacitor, while the bands are changed by inserting a different 
coil into the tuned circuit for each band (Fig. 6.5). 

As the frequency is increased within a band, the stage gain 
increases due to the higher resonant resistance of the tuned 
circuit 


Roe = PQ = LQ 
where p is the characteristic impedance of the tuned circuit. 


As we move from the low through the medium to the high 
frequencies the inductance of the tuned circuit decreases and so 


Fig. 6.5. Circuit for band-chan- 
ging 
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Long Medium Short i 
waves \waves \waves | 


| 
i 
| 


47 


Fig. 6.6. Variations in gain with fre- 
quency in a tuned-anode amplifier f 


does the characteristic impedance p of the circuit. This is accom- 
panied by a reduction in R,, and, as a result, the stage gain 
drops. Figure 6.6 shows the stage gain as a function of fre- 
quency over the entire range. 

Example 6.3. Determine the stage gain of a tuned amplifier 
using a type IKIN valve at the extreme points of the range, 
if the frequency range is from 520 to 1,500 kilohertz, the tuned 
circuit inductance L is 167 microhenrys and Q = 40. 

Solution. Find the resonant resistance of the tuned circuit 


(a) at f= 520 kilohertz 

Roe min = PQ = 27 X 167 x 107° x 520 x 10° x 40 = 22 kilohms 
(b) at fa = 1,500 kilohertz ; 

Roe max = 2% X 167 x 107° x 1,500 x 10° x 40 = 63 kilohms 


Now find the gain. The mutual conductance of the IKIII 
valve is g,,=0.75 milliampere per volt 


(a) at fi, Ko min = &mRoe min = 1.75 X22 = 16.5 
Kb) at fas Ko max =8mRoe max = 0-75 X 63 = 47 


The Single-stage Amplifier with Transformer and Tapped-coil 
Coupling. In a transformer-coupled amplifier (Fig. 6.7a), the alter- 
nating component /, of anode current flows through L, and in- 
duces in the tuned-circuit coil L an emf of mutual induction 
at the signal frequency. The current in the tuned circuit and 
the voltage at the stage output are a maximum when the tuned 
circuit is tuned to the signal frequency. - 

Physically, L, is a coil wound on the same former with L. 
There is no anode supply voltage applied to the tuned circuit, 
so that neither a bypass capacitor C, nor a coupling capacitor C, 
are necessary. Grid bias to the next valve is supplied through L, 
because of which grid-leak resistor R, may be eliminated from 
the circuit. aa 
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(a) 





(0) 


Fig. 6.7. Tuned amplifier circuits 


(a) transformer-coupled amplifier; 
(b) autotransformer -coupled amplifier connected to the anode 


Figure 6.7b shows a single-stage amplifier with a tapped paral- 
lel tuned circuit. As to operating principle, it is similar to the 
arrangement of Fig. 6.1. The reason for its inclusion here is the 
role that is additionally played by the autotransformer action of 
the tapped coil. 

In the tapped-coil arrangement (Fig. 6.76), the anode circuit 
is loaded into a parallel tuned circuit whose resistance is Ro, ,, = 
= Roep’, where p is the coupling parameter defined here as the 
ratio of the inductance included between the taps to the in- 
ductance of the whole coil, or the tapping-down factor 


— La 


pat 
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In this case, the load voltage (across terminals oa) is given by 
Voa = 1 GRoey1 = 1 aRoeP 
Noting that 
Za = Roen 
and using Eq. (1.9), we get 
ee 
Rat Roery 
Since for pentodes, R,>> Roe), we have 
la™ EnV g 
Substituting this expression into the expression for V,,, gives: 
Voa = EnV gRoeP™ 


The output voltage (across terminals ob) is L/L; =l1/p ti- 
mes V,,. 
Or 


1 , 
Vout TE Vou p = BmV gRoeP 
Hence, with a tapped parallel tuned circuit, the stage gain is 


Von l 
Ky =r = 8n Roep (6.13) 





In the transformer-coupled amplifier (see Fig. 6.7a) the stage 
gain depends not only on the valve and tuned circuit parameters 
but also on the degree of coupling between the tuned circuit 
and the anode circuit of the valve. At what is known as the 
optimum coupling the stage gain is a maximum which may 
exceed the gain of a stage in which no tapping-down for tuned- 
circuit connection is used. However, optimum coupling is seldom 
used. The degree of coupling between the valve and the tuned 
circuit with transformer coupling is given by the tapping-down 


y M 
factor or coupling parameter PST: 


It can be shown that the gain of a transformer-coupled stage 
is given by Eq. (6.13). At p=1, this equation reduces to one 
giving the stage gain of a tuned-anode amplifier 


Ko = 8m Roe 
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For the transformer-coupled circuit 


Roe =o (6.14) 
Roe | 1 
Rin 





For tapped-coil connection, Eq. (6.5) holds. 

The selectivity of both arrangements is expressed in terms of 
the effective or loaded figure-of-merit, Q,,, as found from Eq. 
(6.10). If the coupling between the tuned circuit and the valve 


is loose and the value of R, is large, the term Roe in the de- 


nominator may be disregarded. Then the Q,, for “the transfor- 
mer-coupled circuit will be 








Qer = — k- (6.15) 
HRS 
and for the tapped-coil circuit 
| Q 
Qi Re Ran 8:18) 
oe oe 
LER O Ri 


It should be noted that tapping-down and transformer coup- 
ling reduce the loading of the circuit by the valve, i.e. the Q,, 
is increased. As a result, the resonance curve of the amplifier 
becomes sharper. 

The gain within each band increases as the frequency is raised 
for the same reasons as in the arrangement with a directly-con- 
nected tuned anode circuit. _ 

Plots relating the gain to. frequency appear in Fig. 6.8. This 
gain-frequency response is obtained by choosing the appropriate 
values of p for. each band. i 
_ The Parallel-feed Single-stage Amplifier. The name parallel- 
feed applies to an arrangement in which the anode supply source, 


4g long \Wedium\ Short | 
waves ae [WAVES | 


Fig. 6.8. Variations in gain with frequency 
in transformer-coupled and tapped-coil amp- 
lifiers 
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Fig. 6.9. Parallel-feed tuned 
amplifier 





the valve and the tuned circuit are connected in parallel (Fig. 6.9). 
The circuits discussed earlier may be called series-feed, because 
in them the valve, tuned circuit, and d.c. supply are all con- 
nected in series. 

In the parallel-feed circuit, the direct current from the anode 
supply source does not flow through the r.f. tuned circuit, but 
goes to the valve through a second coil RFC (r.f. choke). Direct 
current cannot flow through L because a blocking capacitor C, 
is placed in the circuit to prevent it. On the other hand, the 
r.f. current generated by the valve can easily flow through C, 
to the tuned circuit because the value of C, is intentionally 
chosen to have a low reactance at the radio frequency. The r.i. 
current cannot flow through the d.c. supply because the induc- 
tance of RFC is intentionally made so large that it has a very 
high reactance at the radio frequency. 

The output signal of the tuned circuit is applied directly to 
the grid of the next valve, so that there need be no grid re- 
sistor R, 


Review Questions 


1. Explain why the anode load of an amplifier is a parallel 
tuned circuit? 

2. What would be the consequences of applying the output 
voltage of the anode tuned circuit to the grid of the next valve 
without a blocking capacitor? 

3. How would the absence of a grid-leak resistor affect opera- 
tion of the amplifier circuit? 

4. Which circuit parameters affect the Q-factor of a tuned cir- 
cuit? 
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5. Which circuit parameters outside the tuned circuit affect 
the bandwidth of the amplifier? 

6. Why does the stage gain go up within a frequency band? 

7. Why is it that in an amplifier with a directly-connected 
tuned circuit the gain on short waves is lower than on long 
waves? 

8. How can the gain be maintained constant in the various 
bands of an amplifier with a transformer-coupled or a tapped-coil 
anode tuned circuit? 

9. Explain the names “series-feed” and “parallel-feed” circuits. 


32. Band-pass Amplifiers 


As distinct from tuned amplifiers, band-pass amplifiers are 
mostly fixed-frequency amplifiers. That is, their tuned circuits 
do not have to be retuned when the receiver is in operation. 
Band-pass amplifiers are widely used as intermediate-frequency 
amplifiers in superheterodyne receivers. 

In a band-pass amplifier, the anode load is a band-pass filter. 
Band-pass filters may have widely differing circuit configurations 
and may be connected to the anode of the amplifier valve in 
many ways. Therefore there exists a great variety of band-pass 
amplifier types. 

Figure 6.10 shows the arrangement employed in most com- 
munication and broadcast radio receivers. The band-pass circuit 
is an r.f. transformer with tuned primary and tuned secondary, 
in which the primary circuit is directly connected to the anode. 

The gain of a single-stage band-pass amplifier may be deter- 
mined from its equivalent circuit (Fig. 6.11). Applying Théve- 





Fig. 6.10. Circuit of a single-stage band- Fig. 6.11. Equivalent circuit 
pass amplifier of a single-stage band-pass 
amplifier 
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Fig. 6.12. Reduction of the equivalent circuit of a band-pass filter amplifier 
to that of a double-tuned circuit 


nin’s theorem, we can transform it into a simpler circuit (Fig. 6. 12a). 
The emf of the equivalent generator (V,,) is measured across 
the capacitor C of the primary (terminals ab in Fig. 6.11) with 
the right-hand part of the circuit being disconnected: 


Vas =l Leip 


a C 
The anode current is chiefly determined by the a.c. anode re- 
sistance R, of the valve. Since R, ®> = then 


lw=8n g 
or, after substitution 
Vao =, EnV oP (6. 17) 
With the value of R, thus allowed for, the equivalent circuit 
becomes as shown in Fig. 6.126. Since the reflected, or coupled-in 
resistance a is small in comparison with r, the two circuits 
may be considered identical. For a band-pass filter 





_ Vout 
Q= Vab 
For a filter having identical primary and secondary circuits, 


q 
where n= Qk = parameter defining overall coupling between the 
primary and secondary 
k=coefficient of coupling 
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Q=Q-factor of the filter tuned circuits 
x= generalized frequency shift from the resonant 
value. 


At resonance, that is, when ra Q=0, we have the reso- 
nant transfer function of the filter 


Qn =Q aT (6.19) 
By definition, the output voltage of the filter at resonance is 
Vost o— QV ab 
Using Eq. (6.17), we obtain 
Vont o= Q BmV gP 
At resonance, the stage gain is 


K _ Vout» _ UoVab 
o Va yV 





g 
Replacing Q; and V,, by their expressions, we have: 
_ 9 _1_8nl oP 
K, =Q FI Vg 
Noting that Qo=R,,, we finally obtain 
Ky =a 78mRoe (6.20) 


Comparing the gains of a single-stage band-pass amplifier and 
a single-stage tuned amplifier [Eq. (6.4)], it may be seen that 


they differ by a factor 5 . This factor has a maximum value 


0.5 at critical coupling between the tuned circuits (n= 1). Con- 
sequently, with similar valves and tuned circuits, the stage gain 
of a band-pass amplifier is only a half of the gain of a stage 
with a single-tuned circuit. This is because some of the energy 
is lost as it is transferred from the valve through the primary 
to the secondary side of the double-tuned circuit. A more cor- 
rect picture is obtained when a comparison is made for the same 
bandwidth and the same valves. In this case, R,, will not be 
the same for both circuits. It can be shown that a single-tuned 
circuit amplifier stage will have a gain which is 1.4 and not 2 
times that of a stage in a band-pass amplifier. Comparison of 
four-stage amplifiers having the same bandwidth will show that 
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a band-pass amplifier has a gain approximately 35 per cent 
higher than that of the amplifier employing single-tuned circuits. 
The selectivity of a band-pass amplifier, as follows from the 
equivalent circuit of Fig. 6.126, is decided by the frequency 
response of the band-pass filter. The equation of the relative 
response may be derived from the ratio of the Q,, the transfer 
function of the filter, to Q,,, the transfer function at resonance 
[Equations (6.18) and (6.19)]. The selectivity is then 


Qy wet | 
Qo Vaal pis (6-21) 

As will be recalled, the resonance curve of a band-pass filter 
may have one or two humps. To determine the conditions under 
which a single-hump curve changes into a double-hump one, it 
is necessary to find the values of generalized detuning x at 
which the ordinate of the curve is a maximum, Y =Y,,,,. This 
is done by analysing the roots of Eq. (6.21). First, we deem y 
constant, and equate the derivative of the discriminant to zero: 


d [(n?—x? + 1)? 4x7] 0 
dx ~~ 
d [(n? + 1)? — 2x? (n? + 1) + 4x? 4 x4] —0 


dx 
— 4x (n? +1) +4x3+ 8x =0 
Ax (— W+x7+1)=0 


Solving the last equation gives three roots. The first, 
x,=0, corresponds to resonance, when Y=1. The remaining 
roots, X s= +V], are located symmetrically about the 
point of resonance and characterize the peaks of the double-hump 
curve. 

The roots may be real or imaginary, according to the value of n. 

Consider three cases of coupling: 

1. Critical coupling (n = 1). The roots are equal: x, = x, = x; = 0, 
and there is only one peak, or a single-humped curve. 

2. The coupling is less than critical (n < 1). The roots x, and 
x, are imaginary. The curve will also be single-humped, but the 
peak will be located below Y= 1. 

3. 1 > 1. The roots are real and the curve has two humps. 

Figure 6.13 illustrates the cases discussed above. As n is inc- 
reased, the bandwidth becomes wider, and the ratio of the 
maximum to minimum response increases, 
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Fig. 6.13. Composite resonance curves 
of a double-tuned circuit L4I L10123 4x 


It is interesting to compare the bandwidth ratios Kew soap for 
single- and double-tuned circuits. For a single-tuned circuit, 
Kow oap 10. For a double tuned circuit, when 1=0.5, 

bw 2o00 = 4-1; when n=1, Kebwzæaœ™=3-2, and at 

bw 204b = 2- 

With any coupling, the resonance curve of a double-tuned 
circuit comes nearer to the ideal resonance curve than that of a 
single-tuned circuit. The best approximation is obtained with a 
maximum value of n. However, such coupling deepens the 
trough between the humps and results in that the gain varies 
within the bandwidth. This is why critical or nearly critical 
coupling should be maintained. 

In some communication receivers with particularly stringent 
requirements for adjacent-channel rejection, multi-section band- 
pass filters are used as the load of the mixer or of the early 
stage of the intermediate-frequency amplifier. Figure 6.14 shows 
a filter consisting of four tuned circuits. As may be seen, the 
parameters of each tuned circuit have different values. The 
output of the filter is terminated in a resistance R equal to the 
image impedance of the filter. In addition to multi-section fil- 
ae i.f. amplifiers may use crystal filters for bandwidth cont- 
rol. 


Nmax» 





Fig. 6.14. Multiple-section filter circuit 
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Review Questions 


1. Name the factors affecting the shape of the resonance curve 
of a band-pass amplifier. 

2. What sets apart the resonance curve of a band-pass ampli- 
fier at critical coupling from that of a tuned amplifier with the 
same bandwidth? 

3. How will the shape of the resonance curve and frequency 
distortion be affected in a band-pass amplifier by n=1.5 and 
more? 


33. Input Impedance of the Amplifier Valve 


The input impedance of the amplifier valve in the next stage 
has a considerable effect on operation of a radio-frequency amp- 
lifier. The input impedance Z,, is defined as the opposition that 
oe put circuit of the valve offers to alternating (signal) cur- 
rent: 


Zin= | (6.22) 


The input impedance Z,, is made up of two components, the 
resistance R;„ and the reactance X;,. The value and nature of 
the input impedance are directly related to the impedance of the 
anode circuit, or, more specifically, the impedance of the anode 
tuned circuit, which is purely resistive at resonance, but becomes 
inductive or capacitative off resonance. 

Of practical interest are cases where the r.f. amplifier load is 
resistive and inductive. 

Figure 6.15 shows a triode amplifier circuit and its equivalent 
circuit for long, medium and, partly, short waves. In the equi- 
valent circuit the valve is shown as a generator of emf pV, and 
of internal resistance R,.C,, and C,, are valve capacitances 


poe 
y ot 









&y (a) (b) 
Fig. 6.15. Explaining the valve input impedance 
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coupling the input and output circuits of the valve, that is, 
anode and cathode (terminals a and k). The presence of a nega- 
tive bias source |E,|>|V,| in the grid circuit implies that 
there is no resistive (convection) current in the grid circuit; the 
input current of the valve isa displacement current due to inter- 
electrode capacitances. 

An idea about the effect of the input impedance can be gleaned 
from a vector diagram. Let us plot a vector diagram for the 
equivalent circuit when the anode load impedance is resistive, 
Z=R (Fig. 6.16). To begin with, we lay off the vector of the 
input voltage V,. pV, is p times V, and is in phase with it. 
The anode current la ‘passes through two resistances, R, and R, 
and is in phase with uV. The output voltage V,, appears across 
R and is in phase with Ta. 

In the equivalent circuit all the components are connected at 
points a, g, k. The voltages between points gk and ak are known. 
Consequently, the unknown voltage between points ag is the sum 
of two known values 


Capacitative currents /,, ~ I, Bee es respectively, through 
ag and C,, lead V,, and V, by 9 


The arid current Ta as “seen i “the equivalent circuit, 
vector sum 


C 


I =lat lag 
That the grid current J, leads the output voltage V, by 90° 


is an indication that the input impedance is capacitative in its 
effect. The resistive component of the grid current, represented 


by a projection of ie upon Via is zero. Consequently, the input 
resistance R,,, = 00. 


a 
Vag 
iq 

Vak 
Fig. 6.16. Vector diagram for deter- 9 


mining valve input resistance when L ae 
the load is resistive g ‘09 “Gk 
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Thus, the input impedance of an amplifier valve with a resis- 
tive anode load in the long-, medium- and, partly, short-wave 
ranges, is composed of a resistive component R;,, which tends 
to infinity, and a reactive component which is determined by 
the input capacitance C,, of the valve. 

For a triode, the input capacitance may be found from the 
equation: 

Cin = Cor ae Cae (1 + Ko) (6.23) 

For pentodes, 

Cin = Cup 


A resistive anode load is most favourable for amplifier opera- 
tion because R;, is so high that its shunting effect may be neg- 
lected in calculating the gain and selectivity of the amplifier. 

A vector diagram for an inductive load, Z = R + jX, is shown 
in Fig. 6.17. As before, the datum vector is V,, such that pV, 
is in phase with it. Because of the inductive properties of the 
anode load, the anode current lags behind pV, by an angle @ 
such that 


X 
tan p = KFR 
The load voltage V,, leads /, by an angle p such that 
tan p = Š 


where tan p >œ tanọ, and, consequently, p> ọ. 
The anode-to-grid voltage is 


Vaz = Ve ga Var 


Fig. 6.17. Vector diagram for deter- 
mining valve input impedance when the 
load is inductive 
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Capacitative currents /,, and lag, respectively, lead V, and 

Vag by 90°. The resulting grid current is 
l= lort lag 

On resolving the vector /, in two rectangular components, 
representing resistive and reactive components, /,, and J,,, we 
can see that the reactive component /,, leads Ve by 90°. This 
component is capacitative in its effect and is, therefore, identified 
with the input capacitance C;, of the valve. The resistive com- 
ponent /,, is in anti-phase with V,, and not in phase, as usually 
is the case in ordinary electric circuits. Such a case is possible 
only in circuits containing valves and similar non-linear compo- 
nents. The input resistance R,,, is negative. The concept of negative 
resistance has a definite physical meaning. While a positive resis- 
tance is associated with irrevocable loss of energy as heat, a negative 
resistance should be regarded as a source of electric energy. The 
presence of a negative input resistance is an evidence that a radio- 
frequency energy appears at the input of the valve, delivered 
from the anode circuit through C,,. In other words, when the 
input resistance is negative, positive feedback is established from 
anode to grid through C,, owing to the inductive properties of 
the anode load. This is undesirable feedback, because it may lead 
to self-oscillation of the amplifier. 


Review Questions 


1. Describe the effect that the resistive component of the input 
impedance has on the preceding circuit. 

2. Describe the same for the reactive component. 

3. Why can the impedance of the tuned anode circuit vary? 

4. Explain the physical meaning of negative resistance. 


34. Stability of Radio-Frequency Amplifiers 


Apart from its theoretical implications, the stability of radio- 
frequency amplifiers has a very important practical significance. 
Any system, including an amplifier, may be considered stable if, 
when brought out of balance, it becomes stable after the distur- 
bing force has been removed. Conversely, a system is unstable if 
it remains unbalanced after the external force is no longer applied. 
For instance, an amplifier is stable when an accidental electrical 
pulse produces in it a damped oscillatory process, that is, one 
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dying away when the force is no longer applied. An amplifier 
is unstable if an oscillatory process changes into an undamped 
one and self-oscillation appears in the stage. In this case, the 
amplifier acts as an oscillator, or is self-excited. 

It should be noted that an amplifier may become self-excited 
with or without a signal voltage applied to its input. One cause 
of self-oscillation in amplifiers is parasitic positive feedback. 

Parasitic feedback in radio-frequency amplifiers may be due to 
anode-grid capacitance. In multi-stage amplifiers it may also be 
due to the common supply source. A further cause of feedback 
in the individual stages or in an amplifier as a whole may be 
capacitative or inductive interaction between wires, coils, and 
other amplifier components. This undesirable feedback may be 
prevented by optimum component layout, proper wiring, coil 
screening, particularly screening of the wires running to the control 
grid of the valve. 

Parasitic Feedback in an Amplifier Through Anode-Grid Capa- 
citance. Let us analyse a simplified circuit of a single-stage 
amplifier in which the tuned circuit of the previous stage is 
connected to its grid and has the same parameters as the tuned 
anode circuit (Fig. 6.18). Although their parameters are similar, 
the tuned circuits may be tuned to different frequencies because 
the input and output capacitances of the valve may affect them 
differently. As a result, the anode load may become inductive, 
the input resistance of the valve may go negative, and positive 
feedback may take place in the amplifier. 

To determine the stability conditions, let us represent the grid 
circuit of the amplifier by an equivalent circuit (Fig. 6.19a). In 
this circuit, the valve on the grid side is represented by a nega- 
tive input resistance, —R,,, connected in parallel with the tuned 
circuit. Fig. 6.195 shows another equivalent circuit in which the 





(a) o Ø 
Fig. 6.18. Circuit diagram concer- Fig. 6.19. Equivalent circuits of the grid 
ning self-oscillation of r. f. amp- circuit 
- lifiers l 
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parallel negative resistance —R,, is replaced by its equivalent 
series negative resistance, —rj,. The negative resistance connec- 
ted in series with the tuned circuit acts as a source of radio- 
frequency oscillations, reducing energy losses or, which is the 
same, building up energy in the tuned circuit until parasitic 
oscillation occurs. From this observation, we can intuitively 
conclude that for stable operation of the amplifier, that is, one 
without parasitic oscillation, the energy supplied to the tuned 
circuit to make up for the losses should be insufficient to lead 
to its build-up, that is, to an undamped oscillatory process. 
Another way of stating this is that the resultant resistance of 
tuned circuit must be positive. Therefore, the condition of sta- 
bility may be represented in the following form: |r| >|rial, i. e. 
the total series loss resistance r must exceed the reflected or 
coupled-in resistance r,;, in absolute value. 

According to a theory of self-oscillation and stability of tuned 
amplifiers advanced by the Soviet scientist Siforov in 1931, the 
condition of stability for any multi-stage circuit is: 


OC agm 2p? <(0.18 to 0.32) (6.24) 


This expression holds for al! the three circuit configurations 
discussed in Sec. 31. Without tapping-down or when the tuned 
circuit is conductively connected, the parameter p= 1. Multip- 
lying both sides by g„ and noting that g3,Rèp* = K}, we obtain 


oC, K2< (0.18 to 0.32) gn (6.25) 


As is seen, the stability condition is most easily met at the 
low frequencies of the range, with a small capacitance C,, and 
a small value of K,. 

From Eq. (6.25), we have 


key Ce ea we Em (6.26) 


The right-hand side of this expression may be called the stable 
gain 








A Em 
Kœ 0.42 V & (6.27) 

Thus, the stage gain K, of any amplifier must always be less 
than the stable gain as determined by Eq. (6.27), which suggests 
optimum connection of the tuned circuit to the anode. If K, for 
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a stage with a conductively connected tuned circuit or one without 
tapping down exceeds K,,, the condition of stability is not met, 
and use should be made of transformer coupling or tapped-coil 
coupling. 

The parameter p is given by 

p< Kst (6.28) 
0 

Example 6.4. Select the circuit configuration for a single-stage 
tuned amplifier using a 6K1I] pentode and operating at f= 1,500 
kilohertz; the tuned circuit has a resistance of R,,=80 kilohms. 

Solution. Referring to the valve manual, we find that the 
6KIII pentode has C,,—0.01 picofarad and g,=1.85 milliam- 
peres per volt. 

The gain is 





Ko = 8nRoe 
Putting Roe = Roe, we obtain 
K,=1.85 x 107* x 80 x 10 == 148 
The stable gain is 





= Bie. Voe 
Kaas V f2-=0.42 5.28x1,500x 10° x0.01x 1077 = 99 


Since Ką < K, the tuned circuit cannot be directly connected. 
The coupling parameter p for both transformer and tapped-coil 
coupling is 











= Kst — 59 ==? 
=e ag 0.4 
TAELE 6.1 
Ky=0.42 rae 
Valve type | gm, mA/V m , A/V-F 
ag 
150 kHz 1.5 MHz 15 MHz 
6K11 1.85 1.85 Xx 101 185 49 15 
6K3 - 2.0 6.7XxX 104 353 111 35 
6K4 4.7 9.4x 108 420 136 42 
6K41 4.4 12.5X 10 486 157 48 
IKI 0.75 0.75 x 101! 118 37 12 
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As follows from Eq. (6.27), a maximum and stable gain depends 
on the ratio e, The maximum value of this ratio is obtained 


with low capacitance C,, and high mutual conductance g,,. This 
condition is satisfied by r.f. pentodes because of which they are 
most commonly used valves in r. f. amplifiers. 

Table 6.1 gives the values of g, and the stable gain for the 
most common types of Soviet-made radio-frequency pentodes. 

Parasitic Feedback in an Amplifier Through a Common Supply 
Source. An important cause of parasitic oscillation in radio and 
audio frequency amplifiers, especially multi-stage ones, is feedback 
via acommon supply source, particularly the anode supply source. 
In the VHF-UHF bands feedback can also take place through 
the common filament supply. The coupling element in these cases 
is the internal impedance of the supply. 

For an insight into the causes of parasitic oscillation in the 
case of a common supply source consider a three-stage tuned 
amplifier shown in diagrammatic form in Fig. 6.20. It may be 
added that the analysis that follows fully applies also to audio- 
frequency amplifiers. 

We choose a spontaneous voltage change at the input of the 
Ist stage as the point of departure. We assume that the polarity 
of this instantaneous voltage is such that the grid goes positive. 
Noting that the valve inverts the voltage phase by 180°, and 
treating the valve as an a.c. generator, the polarities of instan- 





Fig. 6.20. Parasitic feedback through the common anode power source in a tuned 
milti-stage amplifier 
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taneous voltages for each valve and the direction of alternating 
anode current components i,, i, and i, will be as shown in the 
circuit diagram of Fig. 6.20. As is seen, the currents i, and i, 
are in the same direction through the internal resistance R, of 
the battery, and i, is in the opposite direction. In view of the 
gain of each stage, it should be assumed that i, -+i > i. At the 
same time, the instantaneous voltage AV across R, is in a polarity 
corresponding to the direction of the total current. AV across R, 
is in the same polarity as the voltage across the anode load ' 
resistance R,,, of the first valve, and the two add together. 
Consequently, the grid voltage of the second valve will increase, 
and this is positive feedback which is likely to bring about 
parasitic oscillation. In two-stage amplifiers, the conditions for 
positive feedback do not exist. This may be proved by similar 
reasoning. 

To prevent self-oscillation through the common supply source, 
so-called L-section decoupling filters, consisting of resistors R; 
and capacitors C,, are used. Such filters are connected into the 
anode circuits of multi-stage amplifiers as shown in Fig. 6.21. 
R, has a value of several thousand ohms. The value of the capacitor 
depends on the frequency at which the amplifier operates and 
may be from several tenths to several hundredths of a micro- 
farad. 





Fig. 6.21. Multi-stage circuit of a tuned amplifier with decoupling filters 
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Review Questions 


1. What happens in an ustable amplifier? 

2. Define positive feedback. 

3. Define the condition necessary for self-oscillation of an 
amplifier. 

4. Define the condition sufficient for self-oscillation of an 
amplifier. 

5. What valve makes a stable amplifier? 

6. What networks are used to neutralize self-oscillation through 
the common anode supply source? 


35. Transistor Radio-Frequency Amplifiers 


Like valve amplifiers, a transistor r.f. amplifier may be of 
the tuned or of the band-pass variety. 

On long, medium and short waves, the transistor is usually 
connected into a common-emitter circuit, while in the VHF and 
UHF bands use is sometimes made of the common-base arran- 
gement. 

Transistor amplifiers difer from valve amplifiers chiefly in 
interstage coupling. The low input resistance of a transistor might 
have a considerable shunting effect on the tuned circuit of the 
preceding stage. This would sharply decrease the gain and selec- 
tivity of the stage. Operation of a transistor amplifier is also 
affected by the output resistance of the transistor, which is much 
lower than the output (a.c. anode) resistance of an amplifier 
valve. This is why transformer and tapped-coil coupling is used 
extensively in r. f. transistor amplifiers. 

Figure 6.22 shows the circuit diagram of a common-emitter 
r. Í. tuned amplifier. 





Fig. 6.22. Transistor tuned amplifier with tapped-coil coupling 
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Fig. 6.23. Transistor tuned amplifier with transformer coupling 


Interstage coupling is by a tapped-coil. The tapped-down vol- 
tage of the first stage is fed through a coupling capacitor C, to 
the base of the second-stage transistor. The d.c. voltage is fed 
from a common source, E., through the tuned circuit to the 
collector, and through a divider R, and R, to the base. 

The stability of operation of a transistor amplifier largely 
depends on the position of the quiescent operating point which 
is apt to shift as the transistor is heated. To stabilise the position 
of the operating point, the circuit employs negative direct-current 
feedback. This feedback is provided by R, connected in the 
emitter circuit. Such an arrangement is similar to the current 
feedback arrangement in valve circuits. 

To eliminate a.c. feedback, R, is bypassed to earth by C,. 
Should the operating point shift due to temperature changes, it 
will be restored by the feedback voltage built up across R, and 
applied to the transistor base. 

In an alternative arrangement shown in Fig. 6.23, interstage 
transformer coupling is augmented by tapped-coil coupling from 
the tuned circuit to the collector. It should be noted, however, 
that in both configurations the tuned circuit may be connected 
to the collector circuit directly, provided the output resistance 
of the transistor is sufficiently high. 

The circuit diagram of a band-pass transistor amplifier appears 
in Fig. 6.24. The load is an r. f. transformer with tuned primary 
and tuned secondary. The shunting effect of the collector circuit 
on the primary, and of the input of the next transistor on the 
secondary is minimized by tapping the coils. 

As with valve amplifiers, the main method of transistor-ampli- 
fier analysis is the equivalent-circuit technique. In this technique, 
the transistor is treated as a linear two-port network. 
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Fig. 6.24. Transistor band-pass amplifier 


Analysis of r.f. circuits is based on the Y-(short-circuit 
admittance) parameters, derived from a pi-equivalent circuit, 
such as shown in Fig. 6.25a. The equivalent circuit shows the 
admittances Y,,, Y,., Ya, and a constant-current generator simu- 
lating the amplifying action of the transistor. 

The current of the constant-current generator is given by the 
product Y,,V,, in which Y,,, defined as the ratio of the collector 
current to the emitter voltage with the input short-circuited, is 
in effect the mutual conductance, g,, of the transistor, so that 


Y,V,. ae EnV be 
It should be noted that g„ is a complex quantity defined as 


8m =Y n = Emol + jfo/Fa) (6.29) 
where gno = Yz = low-frequency mutual conductance 
fo = operating frequency 
/,= alpha cut-off frequency defined as one at which 
the absolute value of g, is 1/V 2 times its 
low-frequency value (3 db down). 





(a) (4) 


Fig. 6.25. Pi-equivalent circuits of a transistor and a valve 
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The equivalent circuit of the transistor is similar to that for 
a valve (Fig. 6.250). In each circuit, Y,, describes feedback from 
the output to the input of the amplifying element. In the valve, 
this feedback is due to the grid-anode capacitance C,,; in the 
transistor it is caused by the conductance and capacitance in 
parallel. It should be noted that in transistor circuits the feed- 
back admittance is greater than it is in valve circuits, for which 
reason the former are less stable than the latter. 

In analysis of a transistor amplifier it is important to allow 


for the complex character of g„, which implies its dependence on 
frequency. 

All elements of the equivalent circuit of a transistor may be 
calculated from the known low-frequency admittances y,,, Yig 
Yor =Zmo» Yoox, and from the specified r.f. parameters, namely, 
the collector-junction capacitance, the spreading (bulk) resistance 
of the base r;, and the alpha cut-off frequency, fa 

The appropriate design equations have the form: 


_ Yı +a?/rb 
Eu =- iFa 


g= Ee l (6.30) 


aC (l-ersy )—a’y | 
B22 = Yoo = qatagag = J 
mr l— yn", 
T Oar g (1+0?) 


) 

C= Co—Y12/q | (6.31) 
| 
) 


Co = 1+ a 
where a= f,/fa is the relative frequency. 

Tuned Transistor Amplifier. Consider the amplifier of Fig. 6.22. 
Its equivalent circuit is shown in Fig. 6.26. For simplicity, we 
shall ignore the effect of feedback through Y,,. 

In the equivalent circuit of Fig. 6.26, the collector circuit is 
approximated by a constant-current generator g,,V,, and the output 
admittance Y,, composed of g,, and C,,. The tuned circuit coupled 
to the collector through a tapped coil consists of L, C, and g, 
which represents the losses within the tuned circuit. 

The effect of the input of the next stage is taken care of by 
Y,, made up of g,, and C,,, also connected to the tuned circuit 
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Fig. 6.26. Equivalent circuit of a single-stage transistor amplifier with tap- 
ped-coil coupling 


through a tap on the coil. The parameters p, and p, give the 
amount of tapping-down on the collector and base sides and are 
defined as 
Pe=L, IL 
Po = Lal L 
For simplicity, the equivalent circuit of Fig. 6.26 may be re- 
duced to that of Fig. 6.27. Now, on lumping together all con- 
ductances and all capacitances, we obtain the final equivalent 
circuit of Fig. 6.28, where the total capacitance of the tuned 
circuit is 


(6.32) 


Cz =C+Cype+CyPo (6.33) 
‘and the total conductance is 
Goe = Be + Se2Pe t SurPs (6.34) 


Referring to the equivalent circuit of Fig. 6.28, the stage gain 
at resonance is 


K, = Vont o/V ve 
The output voltage at resonance, Vouto iS 1/p, times the tuned- 
circuit voltage at resonance, V;co that is 


V out o7 V icoP 


i by Pp 
A A de ett 


Fig. 6.27. Reduced equivalent circuit of a Fig. 6.28. Final equivalent 
transistor stage circuit of a transistor stage 
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where 
Vico T EnV rePcR oe 
After appropriate manipulations, 


K o = SmPcPoR oe 
The magnitude of this expression gives the design equation of 
the gain at resonance 


Ko =| 8m | PcPeRoe = | Em | PePo (1/Gy.) (6.35) 


where |8m|=8m/V 1+ a? is the magnitude of the mutual con- 
ductance. 

At an operating frequency f, far from the cut-off frequency fa 
we may deem 


Em = (APPFOX.) E mo = Yor 

A similar expression has been derived in analysis of the valve 
tuned amplifier. However, Eq. (6.13) contains only one value 
of p, corresponding to tapped-coil coupling on one side of the 
circuit. 

Example 6.5. Calculate the gain of a single-stage amplifier using 
a IJ-40) transistor, if f =465 kilohertz, p,=0.4, p,=0.05, 
L=290 microhenrys and Q,;= 50. 

Solution. For a T]-401 transistor, {,=10 megahertz, Y, = 
= g mo = 65,000 micro-mhos (or micro-siemens). 

Determine the effective resistance of the loaded tuned circuit 
at resonance 


R pe = PQ, s = Inf, LQ,, = 6.28 x 465 x 10° x 290 
x 107° x 50 = 42,000 ohms 


Since l Ela put |En |= Eno 

The gain is 

K, = | Em | PePo R oe = 65,000 x 107° x 0.05 x 0.4 x 42 x 10° = 55 

For maximum gain, the coupling parameters on the collector 
and base sides should be as follows 


Pe = (approx. ) Syte (6.36) 
 Goe—g&e ? 
po = (approx.) j “9B (6.37) 


The selectivity of the transistor stage is found as that appro- 
ximated in terms of the effective (loaded) Q-factor of the tuned 


7—487 
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circuit given by 
Qes = Roe/P = 1/G,.0 (6.38) 


The gain-frequency response is described by Eq. (6.11). 

All that has been derived for a tapped-coil-coupled transistor 
amplifier mainly applies to a transformer-coupled transistor ampli- 
fier as well. 

Band-pass Transistor Amplifier. The band-pass transistor ampli- 
fier of Fig. 6.24 may be analysed by a similar technique. In the 
general case, the gain of a band-pass transistor amplifier is given by 


K = | 8 m | PaPePoQ; (6.39) 


where |g„|= magnitude of the mutual conductance 
pı = 1/,C, = characteristic impedance of the primary 
Pe and p,=coupling parameters (tapping-down factors) on the 
collector and base side, respectively 
Q,= transfer function of the band-pass circuit. 

If the band-pass circuit is an r.f. transformer made up of two 
identical resonant circuits (Fig. 6.24), Eq. (6.39) should include 
the transfer function of the r.f. transformer at resonance [see 
Eq. (6.19)] 

Then the gain of the band-pass transistor amplifier at resonance 
will be 


Ky =| 8n | Roe gery PePo (6.40) 


Eq. (6.40) checks well with the expression for the gain of the 
valve band-pass amplifier. It may be added that Eq. (6.39) holds 
for any band-pass amlpifier using a multi-section band-pass circuit, 
if Q, is known. 

The coupling parameters p, and p, may be found from 


f G e~ èc 

Pe = (approx.) aga (6.41) 
G ee sc? 

Pa = (approx.) y a (6.42) 


where Ge = 1/R oe = conductance of the tuned circuit at resonance 
ga and g.= loss conductances of the tuned circuits. 
The gain-frequency response for a band-pass transistor amplifier 
is that of the tuned-primary, tuned-secondary r.f. transformer 
used and is described by Eq. (6.21). 
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Stability of Transistor Amplifiers. In deriving equivalent cir- 
cuits for transistor amplifiers and in their analysis we have ignored 
the feedback admittance Y,, shown in Fig. 6.25. 

A more rigorous analysis shows that this admittance has a direct 
bearing on the magnitude and polarity of the input conductance 
of the transistor stage, so that it becomes negative at a frequency 
close to the resonant value. In practical amplifiers, it is hardly 
possible to tune all the stages precisely to the same frequency. 
Therefore, it may so happen that as one of the stages is slightly de- 
tuned from resonance, the input conductance might go negative. 
Then, as in a valve amplifier, the conditions would be created 
for self-oscillation. 

Mathematical analysis shows that, as with valve amplifiers, 


the stable gain is decided by Vg,,/,C,,, where for the transistor 
Cæ is Cia (Fig. 6.25), and for valve, C,,. 

The C,, of transistors is hundreds of times as great as the Cag 
of valves, while g,,, for transistors is 10 to 20 times the g,, value 
for valves. Therefore, all other things being equal, the stable 
gain of a transistor stage is one-fifth to one-sixth of that of a 
comparable valve stage. 

The limitation imposed on the transistor amplifier by the sta- 
bility criterion may be removed by eliminating the internal 
feedback. 

One way to do this is by applying an external feedback, equal 
in magnitude and opposite in phase to the internal feedback. 
This technique is called unilateralisation, and the circuit is said 
to be unilateralised. A unilateralisation circuit should consist of 





Fig. 6.29. Unilateralised transformer-coupled tuned transistor amplifier 


7* 
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Fig. 6.80. Unilateralised tapped-coil-coupled tuned transistor amplifier 


the same elements as the internal feedback path Y,, shown in 
Fig. 6.25. They are usually symbolized Cy and gy. 

A parallel unilateralising network produces an undesirable d.c. 
coupling between the points of connection. Therefore, preference 
should be given to a series combination of Cy and Ry. Their 
values can be calculated as follows: 


C y= (approx.)0.9C,,/m (6.43) 
R y= (approx.) 1.1m/w,C, (6.44) 


where m= Pel Pe- : 

The circuit diagrams of unilateralised tuned transistor am- 
plifiers are shown in Figs. 6.29 and 6.30. With transformer 
coupling, the unilateralising network is connected to the coupling 
coil, so that the phase in the unilateralising circuit is inverted. 
With tapped-coil coupling, the same effect is obtained by connect- 
ing the unilateralising circuit to the bottom terminal of the 


E 


Ry ON 


-Ép 


Fig. 6.31. Unilateralised band-pass transistor amplifier 
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output tuned circuit. The same arrangement is used in the band- 
pass amplifier (Fig. 6.31). 

Satisfactory results can also be obtained by an external capacitor 
alone. In this case the process is referred to as neutralisation. 


Review Questions 


1. Why do the gain and selectivity of a transistor stage depend 
on the input resistance of the succeeding stage? 

2. What valve circuit is the common-emitter analogous to? 

3. What two-port parameters are used in analysis of the r. f. 
behaviour of transistor circuits? 

4. Which of the two-port parameters describes feedback in a 
transistor circuit? 

5. What is the polarity of unilateralising feedback? 


36. Calculation of Radio-frequency Amplifiers 


This section deals with tuned and band-pass valve amplifiers 


and also a transistor amplifier. 


Calculation ot a Wideband Valve Tuned Amplitier 


Given: 


1. Frequency band, /,-f,. 

2. Required gain, K,. 

3. Q,, of the tuned circuit, deemed to be constant over the 
range. 

4. Tuned-circuit inductance, L. 

5. Number of stages, a. 


To Find: 


1. Type of valve. 

2. Connection of the tuned circuit to the anode. 

3. The coupling parameter p and inductance L, of the coil, 
for transformer and tapped-coil coupling. 

4. Minimum gain, Ke min 
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Design Procedure: 


1. Select the type of valve and establish the operating voltages 
from its characteristics. 

2. Find the resonant resistance of the tuned circuit for the 
limiting frequencies of the band 


Roe min — o,LQ,, 
Roe max = 0,LQ,, 


3. Choose. the type of connection for the tuned circuit from 
-the condition of stability 














Ko max = Roe max8mn S . =Ky 


In certain cases, even though the stability condition is satisfied 
by direct connection, preference may be given to transformer or 
tapped-coil coupling in order, for example, to improve the response 
on all bands. 

4. Determine the coupling parameter (tapping-down factor) 
for transformer and tapped-coil coupling 


K st 


Vo TR 


5. Find the inductance of the anode coil: 
(a) transformer coupling 
me 
Le=(4) L 


‘with &=0.4 to 0.6: 
(b) tapped-coil coupling 


L,=pL 
6. Determine the minimum gain of the entire amplifier 
K, min =(g,,R Oe minP)” 


Tf Ko min happens to be smaller. than the required value, use 
“another type of valve with a higher value of 
the stage. 


and recalculate 





Coe 
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Calculation of the Band-pass Amplifier 
Given: 


. Operating frequency, fy. 
. Bandwidth, 2AF. 

. Frequency distortion, M. 
. Gain, Ke 


. Selectivity d=y, for the amount off resonance equal to Af. 


ON fBWON 


6. Number of Meats tuned circuits m (including the p eounled 
tuned circuits of the mixer). 


To Find: 


. Type of valve. 

. Q of the band-pass circuit. 

. C and L parameters. 

. Coefficient of coupling, k, for the coupled tuned Een 
Gain K, (as a check). 

. Selectivity, d, (as a check) with Af off ‘resonance. 


Design Procedure: 


1. Select the required type of valve and establish its operating 


voltages from its characteristics. 
2. Determine the frequency distortion for a coupled circuit: 


=y M 
3. Find the Q of the tuned circuits from considerations of the- 
desired bandwidth, using the chart of Fig. 6.32. 
Entering the chart with n=0.5 to 1.5, find the value of the 
generalised detuning x,, using the curve M’. For a bandwidth 
of 2AF =6 or 7 kilohertz, the value of n should be close to 


unity. For a broader bandwidth, n should be greater than unity. 
Find the Q-factor: 


ira 

~ 2AF 
The tuned circuit possessing the obtained Q-factor must be 
realizable. The Q-factor seldom exceeds 100-150. a 
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Fig. 6.82. Design curves for determining the Q of the band-pass circuit 


4. Check whether the selectivity condition can be met with 
the chosen value of n 


2 2 \ 7 

d= (Kiatu) , with n> (6.45) 
no 2 aa Ack \% 

ga (Omit atte) , with n<l (6.46) 


where x, 78} Q, and Af isa specified amount off resonance (usually 


10 kilohertz). 

If d happens to be less than specified, change the parameter n 
and recalculate the Q. 

5. Select the tuned-circuit capacitance of the band-pass circuit 
from the following two conditions: 

(a) maximum stable gain, using Eq. (6.24) and putting 
© CanRie = 9.25. Noting that R,,=Q/w,C and deeming C = 
=C,=C,, we get 


Ca m 
C>2Q ye (6.47) 


(b) minimum shunting effect of the a.c. anode resistance of 
the valve on the tuned circuit, Eq. (6.31). 

This criterion stems from the fact that one side of the band- 
pass circuit is shunted by the a.c anode resistance of the valve, 
so that the two sides differ in the Q-factor, and the resonance 
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curve becomes unsymmetrical. To minimize the asymmetry, the 
change in the Q-factor should not exceed 25 per cent. In other 
words, choose either R,,<0.25R,, or R,.=Q/,C, where 
4Q 
CZ OR (6.48) 
Of the values obtained select the largest. 
6. Find the tuned-circuit inductance 


L a 253x 100 
Cfo 
where L is in microhenrys, C in picofarads, and f, in kilohertz. 
7. Find the coefficient of coupling between the tuned circuits 


AN, 
RS 
8. Determine the mutual inductance M between the tuned 
circuits: 
M=kL 


9. Find the resonant resistance of the tuned circuit 


L 
Roe = V +e 

It should be noted that the final band-pass circuit of the i.f. 
amplifier is shunted by the detector stage. Therefore, the value 
of R,, ought not to exceed 100 kilohms. If R,, > 100 kilohms, 
go through the calculation procedure again, beginning with step 5, 
increasing the capacitance C of the tuned circuit. 

10. Calculate the gain 


Ka= (EFT EaR)" 


If the obtained value of K, happens to be smaller than the 
assumed one, select a valve with a higher mutual conductance 
and recalculate where necessary. 

11. Calculate the auxiliary circuit components (the decoupling 
filters R,C, and the screen-grid network R,.C,, as shown in 
Fig. 6.21): 

(a) Calculate the resistances (in kilohms): 


_ Ea—Vao 
a ae 2 
R — Ea—Vg20 


go Ig20 
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a 


where E, is the anode supply voltage in amperes; Vio is the 
desired d. c. voltage at the anode in volts; Vs is the desired 
d. c. voltage at the screen grid; and /,, and /,,, are the direct 
components of the anode and screen-grid currents in milliamperes. 
(b) Calculate the capacitances: 
At the low frequencies, C, should have a reactance which is 
one-tenth to one-twentieth of R; 


1 to 2 
Cr BPR, 
Cy, will be in microfarads, if f is in megahertz and R; in 
kilohms. 


C550 
3 ~gkvak 
Cas = 2.5x10 Cae 


C, Will. be in picofarads, if C,, and Cag are in picofarads. 

Example 6.5. Calculate an intermediate-frequency amplifier for 
a battery-powered receiver, using the following data: f, = 465 kilo- 
hertz; K, >> 1,000; 2AF =9 kilohertz; d=- > 20 at Af=10 ki- 
lohertz; M=0.76; m=3. 

Solution. 1. Use a high-frequency 1KIII pentode for the ampli- 
fier. The pentode parameters for standard operating conditions 
are: g,,=0.75 milliampere per volt; R,=750 kilohms; p = 570; 
Ca = 0.01 picofarad. l 

. Determine the frequency distortion for the band-pass circuit 
(i.f. transformer) taken alone: 


M' =% M = y 0.76 =0.91 


3. Putting y=1.15 and, using the chart of Fig. 6.32, deter- 
mine x, = 1.2; then 
fox: _ 465X1.2 go 


= OAF 9 





4. Find the selectivity. First, determine 


20 x 62 
465 


d (O 4x3 r 
2N 


= 2.66 





n= lQ- 





Ee VOEE T O | Pa 
=( 2X1.2 = 2.93? = 25 
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The result corresponds to the specified value. 
5. Now, select the tuned-circuit capacitance 


Cogn E 1x 10-12 x 0.75 x 1073 
C2>2Q vV o, = 2x62 6.28 X 465 x 107 


= 198 picofarads 
Q _ 4 x 62 x 1012 2 A E 
OR; ~ 828x465 x 10 x 750x107 = 113 picofarads 
We shall put C = 220 picofarads. | 
6. Determine the tuned-circuit inductance 
L = 253 x 10° _ 2.53 x 1010 


= = ———— = 533 microhenrys 
cf? 220 x 4652 


7. Find the coefficient of coupling between the tuned circuits 


k= a =- = 0.0185 


8. Determine the mutual inductance 
M = kL =0.0185 x 533 = 9.8 microhenrys 
9. Determine the resonant resistance of the tuned circuit 


L 533 x 10-6 an 
Roe = V tee 330o T07 x 62 =97 kilohms 


C> 


10. Compute the gain 
>a n m-1 
Ky = (aayT EnRoe ) 
1.15 7 7 
= (Trg p 10-75 x10-*x 97 x 10°)? = 39? = 1,520 





The value of K, considerably exceeds the specified gain. 
Hence, the calculation has been carried out correctly. 

Calculation of the Transistor R. F. Amplifier. Consider the 
calculation of the fixed-frequency, single-tuned r.f. transistor 
amplifiers shown in Figs. 6.22 and 6.23. 


Given: 


1. Operating frequency, f,. 
2. Bandwidth, 2AF. 

3. Frequency distortion, M. 
4. Gain. 
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5. Selectivity. 
6. Number of tuned circuits, n (including the one in the 
frequency changer in the case of an i.f. amplifier). 


To Find: 


1. Type of transistor. 

2. Tuned-circuit parameters L and C. 
3. Coupling parameters p, and py. 

4. Gain (as a check). 

5. Selectivity (as a check). 


Design Procedure: 


1. Select a transistor such that the operating frequency is 
much lower than its alpha cut-off frequency, f,. 

2. Using Eqs. (6.30) and (6.31), find the equivalent-circuit 
parameters Bir» Sie» B22» Cii» Ciz» and Caa: 

3. Find the .tuned-circuit inductance 


1 
L = 253x 10% 
Cfo 


where C is to be from 200 to 600 ricofarads. 
4. Find the loss (leakage) conductance of the tuned circuit 


l l P 
Etc == QVC“ 


The Q-factor is set at 100 to 200. 
5. Find the bandwidth of the single tuned circuit 


2AF 


2AF;, Ge aaa mae 
V vm 


6. Find the effective conductance of the tuned circuit, G 
that will secure the desired bandwidth 2AF,,: 





0e? 


1 2AF 
1 METE E 
e QP Fop 


7. Using Eqs. (6.36) and (6.37), find p, and py. 
8. Using Eq. (6.35), find the stage gain and overall gain. 
9. Using Eq. (6.33), find the tuned-circuit capacitor: 


Gie =C — CaaPe = Cipo 
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10. Using Eqs. (6.43) and (6.44), calculate the unilaterali- 
sation network parameters, Cy and Ry. 

11. Using Eqs. (6.11) and (6.38), “find the selectivity of the 
amplifier. 


SUMMARY 


1. Tuned amplifiers are used to amplify radio-frequency 
oscillations in a definite range of frequencies. 

2. Any tuned amplifier configuration has a varying gain over 
the range. Increase of frequency within each band is accompanied 
by an increase in gain. 

3. In arrangements with directly connected tuned circuits the 
gain changes between bands. 

4. Transformer and tapped-coil coupling flattens the gain 
between bands. 

5. Maximum gain is obtained in configurations with directly 
connected tuned circuit. 

6. The selectivity of a tuned amplifier is decided by the 
properties of the loaded tuned circuit as represented by a series 
equivalent circuit. 

The sharpness of the resonance curve of an amplifier depends 
on the resistances shunting the tuned circuit. The shunting effect 
is a maximum in arrangements with direct connection or no 
tapping-down. 

7. Band-pass amplifiers are chiefly employed to amplify 
intermediate-frequency signals in superheterodyne receivers. The 
band-pass circuit used as the anode load is usually an r.f. 
transformer with tuned primary and tuned secondary. 

8. Parasitic feedback in radio-frequency amplifiers may result 
in self-oscillation. 

9. Self-oscillation cannot take place in a stable amplifier. 

10. The condition of stability is one of criteria for the 
selection of tuned-circuit connection to the anode. Use of trans- 
former or tapped-coil coupling instead of direct connection will 
improve the stage stability but will decrease the gain. 

11. Radio-frequency amplifiers widely use transistors. The 
transistors are connected mainly into the common-emitter circuit. 

12. Interstage coupling in transistor amplifiers is by transfor- 
mers or tapped coils. With this type of coupling the high output 
resistance of the preceding stage can be readily matched to the 
low input resistance of the next. 
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m Problems 


6.1. Determine the gain of a single-stage tuned amplifier from 
the following data: valve type 6K4II; tuned-circuit inductance 
L=2,040 microhenrys; tuned-circuit capacitance C = 420 pico- 
farads; unloaded tuned-circuit Q = 40. 

Answer: K,=386 (the shunting effect of R; and R, is 
neglected). 

6.2. Determine the value of R 
amplifier in Problem 6.1 is halved. 

Answer: R,=88 kilohms. 

6.3. Find the adjacent-channel attenuation (the selectivity of 
the receiver), using the data of Problem 6.1, at 10 kilohertz 
off resonance. 

Answer: d=4.75. 

6.4. Check whether the data given in Problem 6.1 ensure 
stable operation of a single-stage tuned amplifier. 

Answer: K,,=454. The stability is ensured. 

6.5. A tuned amplifier employs a type 6K4 pentode and 
operates at 6.4 megahertz. Tuned-circuit resonant resistance R,, 
is 40 kilohms. Select the form of coupling for maximum stability 
and find, if necessary, the coupling parameter p. 

Answer: Direct connection of the tuned circuit cannot be 
used because of poor stability. With transformer and tapped-coil 
coupling, p= 0.34. 

6.6. Find the gain of a band-pass single-stage amplifier 
using type 6K1IN valve; fẹ = 465 kilohertz; L= 350 microhenrys. 
The Q of the unloaded tuned circuits is 100. Interstage coupling. 
is critical. 

Answer: K, = 95. 

6.7. Check the band-pass single-stage amplifier of Problem 6.6. 

Answer: The condition of stability is satisfied. 

6.8. Find the adjacent-channel attenuation at 10 kilohertz 
off resonance in the amplifier of Problem 6.6. 

Answer: d= 9.25. 


g at which the gain of the 





CHAPTER VII 
DETECTION 





37. General 


Detection is a process the primary purpose of which is to 
extract from a modulated r.f wave an a.f. signal which can be 
reproduced as sound. This is done in a receiver stage known as 
the detector. 

According to the type of modulation, there may be amplitude, 
phase, frequency or other types of detection. In any type, 
detection utilizes a non-linear circuit element or elements. 

The present chapter deals only with amplitude detection. 
The reception and detection of frequency-modulated signals are 
discussed in Chapter XI. 

Figure 7.1 shows the block diagram of an amplitude detector. 
When amplitude-modulated r.f. signal is applied to the detector 
input, audio-frequency oscillations appear at its output. 

Previously, radio receivers used mainly valve detectors. For 
their operation, valve detectors depend on the unidirectional 
conduction of valves or the non-linearity of their volt-ampere 
characteristics. The most commonly used forms of valve detection 
are diode, grid and anode-bend detection. 

Since the late 40s semiconductor diodes have come into use 
as detectors. 


K7) Vout 


` 


Tide : 
vt ° O 


Fig. 7.1. Block diagram of an amplitude detector 


1 
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(a) O (8 “a 


Fig. 7.2. Thermionic diode detector and its static characteristic 


As a rule, modern radio receivers use diode detection. The 
circuit diagram and static characteristic of a thermionic diode 
detector are shown in Fig. 7.2. 

When an r.f. voltage of constant amplitude, such that 
v=Vcoswt (Fig. 7.3a), is applied to the detector input, a 
pulsating current begins to flow through the diode, with a pulse 
amplitude unvarying with time (Fig. 7.30). 

The pulsating current i flowing through the diode may be 
represented as a sum of the d.c. component and a series of 
a.c. components: 


i=l., + l, cos œt + l, cos 2ot + 1, cos 3at +... 


where 7 „=the direct component, oi the average rectified current 
l =the amplitude of the first-harmonic current 
l, and /,=the amplitudes of higher harmonics. 

The average rectified current is represented in Fig. 7.3b by 
the straight line (/,, = A/). 

When a modulated radio-frequency wave V;, is applied to 
the detector input (Fig. 7.4a), a pulsating current i, appears 
in the detector circuit, with the pulse amplitude varying in time 
exactly as that of the applied voltage (Fig. 7.4b). The average 
rectified current /,, in this case will vary in time exactly as 
the envelope of the modulated wave, that is, as the audio- 
frequency signa! superimposed on the r.f. carrier in modulation 


Vin 





(m) 
Fig. 7.8. Detector oj an unmodulated signal 











lq 





Vut 


Fig. 7.4. Detection of a modulated wave 


(Fig. 7.4c). This current may be represented as a sum of a direct 
current and an alternating current at audio frequency. 

The capacitance of the capacitor in the circuit of Fig. 7.2 
is such that at the radio frequency the reactance of C is much 
lower than the detector load resistance R,, while at the audio 
frequency its reactance is much higher than R, 


1 1. 
ot <A. oC 7” R, 


Since the reactance of C at the radio frequency is low, the 
radio frequency voltage across the load terminals will also be 
low. As they pass through R,, the direct component of the 
rectified current and the audio frequency current build up a 
pulsating voltage across the load resistance. This pulsating 
voltage changes in time so that it faithfully follows variations 
in the audio frequency signal (Fig. 7.4d). This pulsating voltage 
consists of the d.c. voltage and the audio-frequency voltage. 
The audio frequency voltage developing across the load resistance 
is separated by a simple filter, CR, (Fig. 7.5). The reactance 
of C, at the audio frequency is much lower than R,; therefore, 
the audio-frequency voltage across R, will only slightly differ 
in value from the voltage across R,. The voltage across R; is 
fed to an audio frequency amplifier for further amplification. 

The electrical properties of a detector are expressed in terms 
of detector characteristic, voltage gain, frequency distortion, 
detector linearity, input resistance, and r.f. filtering. 

The detector characteristic shows the relative current A/ 
as a function of the input voltage V,, (Fig. 7.6). The curved 
part at the foot of the detector characteristic corresponds to 
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al 





g 
Vin 


Fig.7.5.Diode detector witha filter to Fig. 7.6. Detector characteristic 
separate the audio-frequency voltage 


relatively small values of input voltage (up to 0.3 volt). When 
the input voltage exceeds 0.3 to 0.5 volt, the detector chara- 
cteristic is nearly linear. 
The voltage gain of the detector is the ratio 
V 
K=- (7.1) 


where Vg =the audio-frequency voltage amplitude at the output 
of the detector 
m=the modulation factor 
V=the amplitude of the carrier voltage applied to the 
circuit. . 

With the r.f. voltage and modulation factor held constant, 
an increase in K, will raise the a.f. voltage at the detector 
output. 

Frequency distortion is evaluated from the frequency response 
curve of the detector, which relates the gain factor K, to the 
intelligence (modulating) frequency F, with the modulation 
factor m and the carrier voltage amplitude V held constant: 


Ka=f (F) (7.2) 
Detector linearity is expressed in terms of the non-linearity 
factor: 
2 2 
yakti (7.3) 
Q, 


The input resistance of the detector is equal to the ratio of 
the input voltage amplitude to the amplitude of the first-harmonic 
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radio-frequency input current: 
Vin 
Rain= T (7.4) 


From the value of the input resistance it is possible to 
evaluate the shunting effect of the detector on the tuned circuit. 
As the input resistance is increased, the shunting effect of the 
detector decreases, and the selectivity of the tuned circuit loaded 
by the detector remains unchanged. 

Radio-frequency filtering is expressed in terms of the ratio 
of the amplitude of the r.f. voltage at the detector output to 
the amplitude of the r.f. voltage at the detector input. 

The r.f. voltage finding its way into the audio-frequency 
circuits impairs the stability of the receiver. Therefore, the 
better the r.f. filtering, the lower the r.f. voltage at the output 
of the detector and, consequently, at the input of the audio- 
frequency amplifier. l 

Square-law Detection. When the maximum amplitude of 
voltages at the detector input does not exceed 0.3 volt, the 
lower portion of the volt-ampere characteristic of the detector is 
ordinarily used. Within this portion the dependence of the 
current i, flowing through the detector, on the input voltage 
may, in the general case, be expressed by a quadratic poly- 
nomial of the form 


i = l, + av +- bv? (7.5) 


It can be shown that with this relation between the detector 
current and the applied voltage, the incremental current in the 
detector circuit will be proportional to the square of the 
amplitude of the applied voltage 


Al = AV? (7.6) 


where A is the proportionality factor, and V is the amplitude 
of the applied voltage. Hence the name, square-law detectors. 

Any practical detector, regardless of the circuit configuration, 
type of valve, etc., acts as a square-law detector at low input 
voltages. Square-law detectors have disadvantages limiting their 
application. Firstly, they have a comparatively low input 
resistance, considerable non-linear distortion and a gain which 
varies with the amplitude of the applied signal. 

The input resistance of a square-law detector, both loaded 
and unloaded, is determined by the a.c. anode resistance of the 
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diode at the operating point 
Rin = Rag (7.7) 


In square-law detection, non-linear distortion is proportional 
to the depth of modulation 


y= (7.8) 


A detailed analysis of a square-law detector would show that 
the gain is proportional to the amplitude of the signal 


SEAN (7.9) 


Review Questions 


1. Why is it that detection can be effected only by a non-li- 
near circuit or device? 

2. How do the static characteristics of the thermionic and 
crystal diodes differ? 

3. How does the shape of the diode static characteristic affect 
operation of the detector? 

4. What is the function of the capacitor placed across the de- 
tector load? 

5. Will series or parallel connection of two diodes improve 
detection? 


38. Linear Detection 


Detection of Unmodulated Waves. When the minimum ampli- 
tude of the input voltage exceeds 0.3 volt, the relation of the 
incremental current A/ in the detector circuit to the applied 
voltage may be described by the equation of a straight line pas- 
sing through the origin of coordinates 


Al =bV (7.10) 


Detectors with the incremental current directly proportional to 
the applied voltage are called linear detectors. 

Let us determine the basic electrical properties of a linear de- 
tector. In our analysis we shall use an idealised and not a prac- 
tical diode characteristic (Fig. 7.76). When no r.f. voltage is 
applied to the detector input (Fig. 7.7a), the current is zero. 
When an r.f. voltage is applied to the detector input, pulses of 
a rectified current appear in it. The average rectified current /,,, 
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Fig. 7.7. Diode detector circuit and idealised characteristic of the diode 


equa) to the incremental current AJ, is represented by the height 
of a rectangle whose area is equal to the area of the pulse wa- 
veform and whose base is equal to the period of oscillation 


lap = Al 


The rectified current /, on passing through the load resistance, 
produces a voltage drop v,=A/R, across it. This voltage drop 
provides a negative bias at the anode. With negative bias applied 
to the anode, the instantaneous voltage v between the anode and 
cathode decreases such that 


v= V cos wt —v, = V (cos ot — -e ) (7.11) 


Referring to the plot of Fig. 7.8, we may write 


where 8 is the operating (or conduction) angle of the diode. It 
is defined as the angle, in electrical degrees, from the current 
maximum to cut-off. 


Fig. 7.8. Diagram showing ope- 
ration of a loaded linear detec- 
tor 
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Equation (7.11) may be re-written in the following way: 
v = V (cos ot —cos 8) 


The instantaneous detector current i may be expressed in terms 
of the anode voltage v and mutual conductance g,, of the diode 


i= g nU = En V (cos ot — cos 8) (7.12) 


The average current is numerically equal to the ratio of a half 
of the area of the current pulse waveform to a half-period in 
angular units 


8 
1 
læ= = | id (ot) (7.13) 
0 
Substituting the instantaneous current into Eq. (7.13) gives 


0 0 
| L f gaV (cos of — cos 0) d (wt) = ~g,V f (cos wt 


Ø Ə 
— cos 0) d (wt) = ~g,V "l cos wt d(wt)—cos 0 { d on | 
0 0 


Therefore, 


l= En! (sin 6 — 8 cos 0) (7.14) 


Thus, the incremental eer through the detector is a func- 
tion of the amplitude of the applied voltage V and the operating 
angle 0. 

Let us see how the operating angle depends on the circuit 
parameters 


cos 0 ==? 
but 
v = AIR, = R, 82 (sin 8 — 6 cos 0) 
Then 
cos 0 = 2 y= R, EZY (sin 0 — 8 cos 8) = a (sin 0—9 cos 8) (7.15) 
Men 


sin 0—0 cosð n _ nRa 
cos 8  Rigm Ri 
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or 


n nRa 
tan 0 a Fs Rr (7.16) 

Eq. (7.16) shows that the operating angle depends only on the 
load resistance R, and the mutual conductance g, of the diode 
and does not depend on the amplitude of the applied voltage V. 
The fact that the operating angle is independent of the applied 
voltage suggests important conclusions concerning the shape of 
the detection characteristic. 

The incremental current through a linear detector is directly 
proportional to the amplitude of the applied voltage. 

The load resistance of the detector will only affect the gradient 
of the detector characteristic. The higher the load resistance, the 
smaller the gradient (Fig. 7.9). 

The voltage gain of a linear detector and its dependence on 
the load resistance can be determined from Eqs. (7.15) and (7.16). 

As already noted, the radio-frequency voltage applied to the 
detector input gives rise to a rectified current through the detec- 
tor. On passing through R,, the direct component of the recti- 
fied current produces a voltage v, across this resistance. There- 
fore, the voltage gain of the detector will be 





K=% = 008 0 (7.17) 


As follows from Eq. (7.16), the operating angle 0 will decre- 
ase with increase of the load resistance R,. Ordinarily the load 
resistance is tens or even hundreds of times as high as the a.c. 
anode resistance of the detector diode. Therefore, the operating 





Fig. 7.9. Detection characte- Fig. 7.10. Plot of the func- 
ristics of a diode detector tion tan 0—0 =f (8) 
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angle @ does not exceed 10 to 20°. The cosine of this angle will 
be close to unity. Consequently, the gain of a linear detector 
will also be close to unity. 

Eq. (7.16) may be solved only graphically. To begin with, a 
curve relating tan 0—9 to the operating angle is plotted (Fig. 
7.10). Then using Eq. (7.16), the difference tan 0—98 is found, 
then the angle 0, and finally cos 90. 

The output voltage of the detector is found from 


v =K4V 
The rectified current is 


Į =2 

L 
Determine the relation between the input resistance and load 
resistance of the detector. As the load resistance increases, the 
rectified voltage will also increase while the operating angle 0 
will decrease. The smaller the operating angle, the lower the 
amplitude of the first-harmonic current /, in the detector. Thus, 
an increase in R, will also increase the input resistance of the 

detector: 
V 
Es 


The design equation for the input resistance of the detector 
may be derived from the following relationships. 

Since the load resistance considerably exceeds the a.c. anode 
resistance of the diode, we may assume that the bulk of P 
applied to the detector is dissipated across the load resistance. 

Therefore, we may write 


Rain= 


ae oo Fi 

but 
p P 

Pie <= 2Ra fn 

and 
2 
Li 
P= R; 

Hence 

y2 us 
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When the load resistance has a considerable value, the detec- 
tor output voltage is approximately equal to the amplitude of 
the applied voltage 

v, & 
Therefore, the design equation for the input resistance may be 
simplified thus 
Ra n= (7.18) 

Equation (7.18) holds only for detection at frequencies up to 
several megahertz. As the frequency increases, the shunting effect 
of the anode-cathode capacitance of the diode begins to tell. At ultra- 
high frequencies, Eq. (7.18) is not suitable for practical application. 

We have seen that in detection of the unmodulated wave, the 
d.c. voltage appearing across the detector load shifts the ope- 
rating point to the left from the origin of coordinates by a fixed 
amount equal to v,. The situation is somewhat different when 
the input voltage is a modulated wave. 

Detection of the Modulated Wave. In detection of the modu- 
lated wave, the average current and, consequently, the voltage 
drop across the load resistance change in time exactly as the 
audio-frequency (modulating or intelligence) wave. The position 
of the operating point depends on the instantaneous voltage drop 
across the load resistance, so that the applied modulated wave 
swings about the envelope of the radio-frequency modulated sig- 
nal, rather than the straight line representing v,. 

The waveforms of the voltages and currents present in the 
detector circuit are shown in Fig. 7.11. 





t 
Fig. 7.11. Detection of a modulated wave 
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Detection of the modulated wave can be analysed, using the 
relationships already derived. We shall assume that the reactance 


of C (Fig. 7.5) is 
l. 
oc Rk 
The amplitude of the modulated wave applied to the detector is 
Vy = V (1 + mcos Qt) 
Substituting the expression for Vy into Eq. (7.14) gives 


I go = £8 (sin 0—0 cos 0) (1 +i cos Q4) — £2! (sin 0—8 cos 0) 


av 


+ 82 (sin © — 0 cos 8) cos Qt (7.19) 


The first term on the right-hand side of Eq. (7.19) represents 
the direct component of the rectified current. The second term 
stands for the audio-frequency current component of amplitude 


Iq, = 222% (sin 6—8 cos 0) 


The rectified current contains only the first harmonic at the 
audio frequency. Since there is no second harmonic in the de- 
tector current, we may conclude that linear detection is free from 
second-harmonic distortion. 

The amplitude of the audio-frequency voltage across the load 


resistance is 
Vo=I1a,R, 
Substituting the expression for /g, we obtain 


Vo — Sat (sin 6 — 0 cos 0) mV 
By Eq. (7.15) | 
Eos (sin 0 — 0 cos 8) = cos 0 


Therefore 
Vo = mV cos 0 (7.20) 
As follows from Eq. (7.20), the voltage gain of a linear detec- 
tor detecting modulated waves is 


Q 


V 
Ka = -$= cos 0 (7.21) 
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From Eq. (7.21) we may conclude that K, is independent of 
the applied voltage amplitude, but depends on the modulating 
frequency. This can be explained by the fact that the impedance - 
offered’ by the detector load to audio-frequency currents may be 
considered equal to R, only within a limited frequency band 
where the following condition is satisfied: 


1 
Rae 


As the modulating frequency is increased, the reactance of the 
blocking capacitor may become comparable with the load resis- 
tance. At the high modulating frequencies the detector load im- 
pedance becomes smaller in magnitude than R, 

l 
pig TE RAEE O 
1 1+ j2,CRz, 
Rit ae 
RL 
Z | = -l 
12 V T+ (Q,CR1P 


Decreasing the load impedance at the high modulating frequ- 
encies leads to a decrease in Vg and, consequently, Ky. 

A detailed analysis of detector operation would show that fre- 
quency distortion at the high modulating frequencies is given by 


M,= V1 + (2,CR,,)’ (7.22) 


where R,,= ptt 

Thus, a linear detector has the following basic properties: 

l. The incremental current in a linear detector is directly 
proportional to the applied voltage amplitude, and the detector 
characteristic is therefore a straight line. 

2. The input resistance of a linear detector depends on the 
load resistance. 

3. The voltage gain of a linear detector does not depend on 
the amplitude of the applied signal. 





is the equivalent resistance. 


Review Questions 


1. When will a detector operate as a linear one? 
2. How does the load resistance affect the operating angle? 
3. Does the detector load resistance affect the voltage? 
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4. Why is it that non-linear distortion is reduced in linear 
detection? 

5. How can frequency distortion be reduced at the higher 
modulating frequencies? 


39. Diode Detectors 


Diode detection is the simplest type of detection and utilizes 
the unidirectional conduction of diode valves. 

There are series and parallel diode detectors. 

In a series detector, the signal source, the diode and its load 
are connected in series (Fig. 7.12). 

In a parallel detector, the signal source, the diode and its 
load are connected in parallel (Fig. 7.13). 

Series detection is used in cases where the direct component 
of the detector current may pass through the signal source. 

The equivalent input resistance of the parallel detector (R4 in eq) 
is somewhat less than that of the series detector and it shunts 
the tuned circuit to a greater degree. 

The equivalent input resistance of a parallel detector, arran- 
ged as shown in Fig. 7.13 is given by 





Rain. 
; = — 4-7 E a 
Ra iweo Rain t RL ( ) 
However, 
R 
Rain= F (b) 
z lg 
TA 3 
4 oA fanplitier 
fg 
Jo A.f amplifier 
Fig. 7.12. Series detec- Fig. 7.13. Parallel detector circuit 


tor circuit 
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Therefore, substituting Eq. (b) into Eq. (a), we obtain 


] 
y RRL l 


Raineg= = R; (7.23) 


l 
y Rit R; 


Thus, the equivalent input resistance of a parallel detector 
is one-third smaller than the input resistance of a series detector. 

As far as the direct and a.f. components of the detector cur- 
rent are concerned, the diode and the load resistance of a parallel 
detector are connected in series, just as they are in the series 
circuit of Fig. 7.12. Therefore, all basic relations derived in the 
analysis of the series detector apply to the parallel detector. 

One of the features of the parallel detector is the presence 
of a radio-frequency voltage across the load resistance, equal to 
the voltage across the tuned-circuit terminals. Therefore the de- 
tector output should be coupled to a low-pass filter which will 
not pass the radio-frequency voltage to the input of the next 
stages. 

At present, receivers mainly employ the diode detector shown 
in Fig. 7.14. The detector load resistance R, is split into R, 
and R,. Splitting the load resistance improves r.f. filtering and 
decreases non-linear distortion. 

Non-linear distortion in the diode detector may be due to the 
indiscriminately chosen values of R, and C (Fig. 7.12), and 
also R, serving as the grid-leak resistor of the audio-frequency 
amplifier valve. 

Non-linear distortion due to C and R, occurs only at the 
highest modulating frequencies. If the time constant of the de- 





Fig. 7.14. Diode detector circuit 
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Envelope Exponential 
Voy KA curve 
/ g 8 
Fig. 7.15. Detector operating into a IY 
load impedance 4 & t 


tector load is comparatively large, the discharge of C through 
R, will lag behind the change in the amplitude of the r.f. wave 
caused by modulation. As a result, the output voltage v,, of the 
detector will follow the exponential curve of the capacitor dis- 
charge (Fig. 7.15) rather than the envelope of the modulated 
wave. The result is non-linear distortion. 

Referring to the plot of Fig. 7.15, during the time interval 
from ¢t, to ¢t, the voltage across the capacitor C is gre- 
ater than any amplitude of the applied voltage because the capa- 
citor has no time to discharge, and the diode is cut off. As a 
‘consequence, the load voltage traces out curve AB rather than 
the envelope of the modulated wave. 

The greater the depth of modulation and the higher the mo- 
dulation frequency, the larger the non-linear distortion. It may 
‘be shown that non-linear distortion will not occur if the selected 
values of R, and C are such that 





“T— m2 
REZ vi-m (7.24) 
If the load resistance R; is specified in advance, the capaci- 
tance of C may be found from the equation 


V 1— m? 

C OR (7.25) 

In practical calculations it is assumed that the depth of mo- 

dulation m, as measured at the highest modulating frequency, 

does not exceed 0.6-0.8. Therefore Eqs. (7.24) and (7.25) may 
be re-written as follows: 


R,C Pasi = 1.5 (7.26) 
C< oR (7.27) 


Example 7.1. Determine the capacitance of the blocking capa- 
citor C in a detector whose load resistance R; is 0.6 megohm and 
the highest modulating frequency F, is 5,000 hertz. 
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Solution. From Eq. (7.27) we have 


1.5 1.5 a -12 a : 
C <TR 5 28x5 xI0 x0 Exi = 80 x 10~** farads=80 picofarads 


Non-linear distortion due to the coupling circuit of the audio- 
frequency amplifier can arise if the equivalent resistance of the 
detector load at the audio-frequency 


RiR, 
Rieg= RI FR, 


is considerably less than R,. In this case, the audio-frequency 
current J, may have a greater amplitude than the direct compo- 
nent Jae (Fig. 7.16), and the lower part of the current half-wave 
will be clipped, i.e. the waveform of the signal will be distorted. 

The detector circuit shown in Fig. 7.14 retains a sufficiently 
high total load resistance and, consequently, a high input resis- 
tance and at the same time minimizes the shunting effect of the 
grid-leak resistor. 

The equivalent circuit of the detector load is shown in Fig. 7.17 

RR, 
Rieg = R, TRTA 


R, shunts only R,. In this case, R, must be 6 to 8 times R,. 
The audio-frequency signal voltage is taken off R,. Since the 
voltage at the detector output is tapped down, the voltage gain 
of the detector is reduced. Therefore, R, is only a fraction of R,. 

Radio receivers widely use multi-section valves such as diode- 
triodes, double diode-triodes, diode-pentodes and double diode- 
pentodes. Their diode part is usually used for detection, and the 
triode or pentode part for amplification of the detected a.f. sig- 
nal. A diode detector using a double diode-triode is shown in 
Fig. 7.18. 





f, fe 
4 
fa 
Fig. 7.16. Chart of diode de- Fig. 7.17. Equiva- 
tector operation into a comp- lent load circuit of 


lex circuit diode detector 
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be 





Fig. 7.18. Diode detector employing a double diode- triode 


Receivers also use semiconductor diodes. The analysis and con- 
figurations of semiconductor-diode detectors somewhat differ from 
those just discussed. 

In analysis of the diode detector it has been assumed that 
the reverse resistance of the diode is infinitely high. This assump- 
tion is, however, valid only for thermionic diodes. In crystal 
diodes, the reverse resistance is from tens to hundreds of kilohms, 
that is, it is comparable with the load resistance. 

Therefore, other things being equal, the input resistance of a 
semiconductor diode detector will always be lower than that of 
a thermionic diode detector. 

The input resistance of a semiconductor detector is given by 

__— RR 
Rin =FR FSR] 
where R, is the reverse resistance. 

In transistor receivers, the detector load comprises not only R,, 
but also the input resistance of the first stage in the a.f. ampli- 
fier, which usually is very low. Therefore, R, for the detector of 
a transistor receiver is ordinarily chosen to have several kilohms. 


E 
Fig. 7.19. Crystal detector cir- E 
cuit with tapped-down coupling 
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With this value of R,, the input resistance of the detector is 
drastically reduced. To minimize the shunting effect of R;, on 
the amplifier tuned circuit, the latter is coupled through a trans- 
former or a tapped coil (Fig. 7.19). 


Review Questions 


1. Can a full-wave rectifier be used as a detector? 

2. Can a diode detector be arranged as a voltage doubler? 

3. Why is it that semiconductor detectors use point-contact 
diodes? 

4. What is the objective of splitting up the load of a diode 
detector? 

5. How can non-linear distortion be reduced in detection of 
the modulated wave? 


40. Calculation of a Diode Detector 


The characteristic of a practical diode has a square-law and a 
linear section. Therefore, the detected signal will vary with the 
voltage applied to the detector. Rigorous mathematical treatment 
involves detailed analysis of the actual diode characteristics. For 
practical purposes it is customary to resort to experimental data 
obtained for a “bogey”, or typical, diode. Table 7.1 gives data 
on the Soviet-made 6X6 diode when the load resistance R, is 
0.5 megohm. The same data may be used for other types of 
diodes and values of R,. 


TABLE 7.1 
Signal designation | Volts | Ka 
Weak < 0.1 5V 
Weak-to-medium 0.1-0.5 0.5-0.9 
Medium 0.5-2 0.9-0.95 
Strong 2 0.95 


The general design procedure is as follows: 


Given: 


1. The equivalent resistance of the anode load tuned circuit 
(Rae) of an intermediate-frequency amplifier. 

2. Modulating frequency range, F,-F,. 

3. Frequency distortion limits. 


8—487 
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To Find: 


1. Type of valve. 
2. Circuit parameters and the gain of the detector. 


Design Procedure: 


1. Select the type of valve. In computing the circuit parame- 
ters refer to Fig. 7.18. 

2. Find the detector input resistance. For the symmetry of the 
resonance curve, it should shunt the secondary circuit of the i.f. 
transformer insignificantly 


Rain > (3 to 4) Roe 
3. Determine the total detector load resistance 
R; = R, + R, = 2Rain 


4. Put the value of the grid-leak resistor R, of the next stage 
in the a.f. amplifier at 0.5 to 3 megohms and find the value of R, 


Rg 
R:=50 3 
5. Find the value of R, 
R,=R,—R, 


6. Find the value of C that will keep non-linear distortion to 
a tolerable value: 
1.510 
C= Q,Rz 
7. Assuming that the value of C,, the filter capacitor, is spe- 
cified in advance, find the value of C, 


C—C 
Geray 
(RER: ) 


8. Find the value of C, that will keep down frequency distor- 
tion in the low- frequency“ range: 


picofarads 





l 
Ce oRV Mi—1 
9. Determine the carrier peak voltage V,a, assuming that for 
linear detection the least value of peak voltage (Vmin) of the mo- 
dulated wave at the maximum depth of modulation should be 
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not less than 0.3 to 0.5 volt 
V nin = Vois (1 —Mngx) 


Voar = Yain 
| — Mm max 
Putting Maas = 0.9 volt and V,,,=0.3 volt we have 
Vea œ3 volts 


car— 


10. Determine the voltage gain of the detector. From Table 
7.1 it may be assumed that K,20.9. Since the audio-frequency 
signal voltage is taken off R,, the actual value of K, will be 
somewhat smaller 


= 0,9 Rs 
Ka=0.9 R> 


Example 7.2. Calculate a diode detector, if R= 100 kilohms; 
F -F,,= 100 to 5,000 hertz; M, = 1.02. 

Solution. 1. Select a6X2I1 bantam dual diode and use one of 
its diodes as the detector. Calculate the parameters of the cir- 
cuit of Fig. 7.14. 

2. Determine the necessary detector input resistance 


Rain=4R,, = 4 X 100 = 400 kilohms 
3. Find the total resistance of the detector load 

R,=2Rain = 2 X 400 =800 kilohms 
4. Put R, at 3 megohms, and determine the value of R, 

R 
R, ==% =05 megohm 
5. Find the value of R, 
R, = R,—R, = 800 — 500 = 300 kilohms 

6. Find the capacitance of C 


1.510! | 1.510! 
QR  6.28x5,000x0.8x 108 


7. Put the value of C, at 40 picofarads and determineC, 


C = = 60 picofarads 


eq©1  60—40 


OE 


= 50 picolarads 








8* 
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8. Find the capacitance of C, 
l 1 
Ce > QR, V Mj—1 ~ 6.28x100x3x 108 V 1.022—1 
zæ 2.7 x 107° farads 
which may be rounded off to 3,000 picofarads. 
9. Determine the amplitude of the signal applied to the detector: 


V min = 0.3 volt myg,=0.9 volt 


V = Vain 93 


(me Soe O 





10. Find the voltage gain of the detector 
R 0.5 es 
Kag=0.9 R =0.9 387 0.565 


Review Questions 


l. List the factors affecting the load resistance of a detector. 

2. How can the effect of the detector input resistance on the 
tuned circuit be minimized? 

3. Why is it that in transistor receivers the detector load re- 
sistance is lower than it is in valve receivers? 

4. Which form of coupling the transistor to the tuned circuit 
of an a.f. amplifier will increase the detector load resistance? 


41. Anode-bend Detection 


Anode-bend detection takes advantage of the curvature (or bend) 
at the foot of the anode-grid characteristic i, =f (e,). 

An anode-bend detector is shown in Fig. 7.20. The control 
grid accepts both the modulated signal to be detected, V;,, and 
a negative bias voltage, Es, which is sufficient to shift the 
quiescent operating point into the lower non-linear part of the 


Fig. 7.20. Anode-bend de- 
tector 
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Fig. 7.21. Operation of an 
anode-bend detector 





anode-grid characteristic (Fig. 7.21). As a result, the mutual 
conductance of the valve will be a maximum during the positive 
half-cycles, and a minimum during the negative ones. Accor- 
dingly, the anode current will increase more in the former case 
than in the latter, and there will be an increase in the average 
anode current. 

Since the amplitude of the input voltage follows the changes 
in the modulating (audio-) frequency signal, the average anode 
current will also change in the same fashion. 

The r.f. component of the anode current is bypassed to the 
cathode by C (Fig. 7.20). The a.f. component flows through the 
anode load resistance and builds up across it a voltage whose 
waveform is the same as that of the modulating signal. C, couples 
this voltage to the input of the next stage in the audio-frequency 
amplifier. 

The voltage gain of an anode-bend detector is considerably 
greater than that of a diode detector because in addition to detec- 
tion it also provides amplification of the signal. 

The input resistance of an anode-bend detector depends on the 
relative values of grid bias voltage and the peak input (modulated 
signal) voltage. When E,>V,,,,, the instantaneous grid voltage 
is always negative, there is no grid current flowing, and the 
input resistance of the anode detector is very high. Under the 
circumstances, the input resistance is determined only by the 
dielectric losses in the valve and its associated wiring. _ 

In calculating an anode-bend detector, use may be made of 
the equation derived for the diode detector. The voltage values, 
however, should be multiplied by p. : 
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Review Questions 


1. Can an anode-bend detector use self-bias? 

9. Why is it that an anode-bend detector affects the tuned 
circuit insignificantly? 

3 Which form of the anode-grid characteristic is preferable for 
anode-bend detection? 


42. Intinite-impedance Detection 


Infinite-impedance detection is in effect a modification of anode- 
bend detection and differs from it in that the load resistance is 
connected into the cathode circuit. 

The circuit of the infinite-impedance detector is shown in Fig. 7.22a. 
The value of the load resistance R, is so selected that the ope- 
rating point of the valve is shifted into the non-linear part of 
the characteristic. The reactance of C, at the radio-frequency must 
be considerably less than the value of R,. The audio-frequency 
voltage appearing across R, is fed back into the grid circuit. 
This voltage is 180° out of phase with the modulated wave enve- 
lope, thereby furnishing negative feedback. The voltage gain is 
therefore considerably less than that of the anode-bend detector. 

The input resistance of the infinite-impedance detector may be 
the same as that of the anode-bend detector. R, and C, form a 
filter which eliminates any r.f. that might otherwise appear in 
the output. 

Operation of the infinite-impedance detector differs from that 
of other detector types in several important aspects. For one 
thing, the detected output voltage is positive to earth (the chas- 


D a.f 
amplifier 


Fig. 7.22. Infinite-impedance detector 


fa 
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sis). For another, this voltage is in phase with the envelope of 
the modulated wave. 

The cathode-load resistance of the infinite-impedance detector 
and, consequently, its output resistance, is considerably less than 
that of the diode detector. This markedly minimizes the non-linear 
distcrtion caused by the coupling network C.R, of the next stage 
of the a.f. amplifier. 

The positive r.f. feedback (regeneration) occurring in the infi- 
nite-impedance detector compensates for the losses caused in the 
tuned circuit by the shunting effect of the input resistance. 

Figure 7.226 shows the r.f. equivalent circuit of the infinite- 
impedance detector. This current differs only slightly from the 
usual Colpitts oscillator. By choosing the proper value of C,, this 
circuit may be brought up to a point where it is about to oscil- 
late and the input impedance is close to infinity. 

As compared with the diode detector, the infinite-impedance 
detector has a lower large-signal handling capability. As the am- 
plitude of the incoming signal increases, grid currents may begin 
to flow, sharply reducing the input impedance. 


Re\low Questions 


1. Why is it that the infinite-impedance detector has a lower 
voltage gain, as compared with the anode-bend detector? 

2. Does the infinite-impedance detector affect operation of the 
tuned circuit? 

3. Why is it dangerous to overload the anode-bend and infinite- 
impedance detectors? 


43. Grid-leak Detection 


Grid-leak detection utilizes the non-linearity of the grid cha- 
racteristic. 

The grid-leak detector is shown in F ig. 7.23. It provides detec- 
tion and amplification of the audio-frequency signal. The detection 
is performed in the grid circuit, and the anode delivers an ampli- 
fied output. 

From Fig. 7.23 it can be seen that the grid-cathode circuit 
functions in the same manner as the anode-cathode of a diode 
detector. R, serves as the detector load. C, provides a bypass 
for the r.f. around Ry. 
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Fig. 7.28. Grid-leak detector circuit 


When an unmodulated r.f. voltage is applied between the grid 
and the cathode, a pulsating current appears in the grid circuit. 
The direct component /, ac of the grid current, passing through R,, 
builds up across it a d.c. voltage whose polarity is as shown 
in Fig. 7.23. The right-hand terminal of R, is connected to the 
grid, and the left-hand terminal to the cathode through the tuned- 
circuit coil. Therefore, the d.c. voltage across R,, negative to 
the cathode, decreases the average anode current. 

When a modulated r.f. voltage is applied from the tuned cir- 
cuit to the grid circuit, the average grid current changes in 
accordance with the envelope of the modulated signal. Now, both 
the direct and a.f. components of the grid current will flow 
through R,. The a.f. component, on passing through R,, builds 
up across it, as the diode detector load, an audio-frequency voltage 
which is also applied to the grid circuit. 

The grid potential, changing at the audio-frequency rate, causes 
audio-frequency variations in the anode current. Applied to the 
anode load resistor R,, they give rise to an amplified audio-fre- 
quency voltage. 

The waveforms of voltages and currents in the grid-leak detector 
are shown in Fig. 7.24. At (a) is a modulated r.f. voltage applied 
to the input of the detector; at (b) are the instantaneous grid 
current and its average value (the heavy curve); at (c) is the 
voltage drop across R, (this curve serves as the axis about which 
the applied modulated voltage swings). Curve (d) is the waveform 
of the alternating anode current, while at (e) is the voltage drop 
cross the anode load resistance. The last holds only when the 
r.f. is removed from the anode current. 

The grid-leak detector provides greater amplification than the 
anode-bend detector. This is explained by the fact that in grid- 
leak detection the operating point is located on the linear part 
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(d) 


Fig. 7.24. Operation of a (a) 0 


grid-leak detector (e) t 


of the anode-grid characteristic i, = f(e) which has a greater 
gradient. In anode-bend detection, the operating point is positioned 
on the lower part of the characteristic which has a smaller gra- 
dient. This is why the grid-leak detector is more sensitive, as 
compared with other types of detector. 

It should be noted that the grid-leak detector has some short- 
comings, the major one being non-linear distortion in the case 
of very weak and very strong signals. With a weak signal the 
distortion is caused by the fact that use is made of the square- 
law region of the grid characteristic. With a strong signal, the 
cause lies in the increase of the negative voltage across R, and 
in the subsequent shift of the operating point to the curved region 
of the anode-grid characteristic. If the negative bias is sufficiently 
high, the operating point may be shifted to the bend of the 
anode-grid characteristic. In this case, an opposing anode-bend 
detection, lowering the effect of grid-leak detection, will take 
place in the anode circuit. 
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Review Questions 


1. What sets the grid-leak detector apart from the diode de- 
tector? 

2. What is the function of the capacitor placed across the 
anode load? 

3. Why is it that the grid-leak detector is more sensitive than 
the anode-bend detector? 


SUMMARY 


1. Detection is a process by which an a.f. signal that can be 
reproduced as sound is extracted from an r.f. signal in radio- 
receivers. 

2. Detection may be performed only by an electric circuit 
having a non-linear volt-ampere characteristic. 

3. Diodes, triodes, pentodes, multi-section valves and semicon- 
ductor diodes may be used as detectors. 

4. Electrical properties of a detector depend on the shape of 
its volt-ampere characteristic. 

5. Depending on the volt-ampere characteristic shape, and 
according to the amplitude of the applied voltage, detectors may 
perform square-law or linear detection. 

6. A square-law detector introduces considerable non-linear 
distortion proportional to the depth of modulation. The voltage 
gain of a square-law detector varies with the amplitude of the 
applied voltage. The input resistance of a square-law detector is 
equal to its dynamic resistance at the operating point. 

7. A linear detector has a high voltage gain, high input resis- 
tance, and low non-linear distortion. 

8. Modern multi-valve receivers chiefly use linear diode de- 
tectors. 

9. Anode-bend and grid-leak detectors, employing triodes and 
pentodes, have a higher sensitivity than diode detectors. 


= Problems 


7.1. Determine the voltage gain of a linear detector loaded by 
R,=300 kilohms. The mutual conductance of the diode is 
1 inilliampere per volt. 

Answer: K,=0.97. 
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7.2. The load resistance of a diode detector is R, = 500 kilohms; 
the highest modulating frequency is F,=4,000 hertz. Find the 
capacitance of the capacitor. 

Answer: C œ 160 picofarads. 

7.3. Determine the dynamic resistance of the detector load. 
The resistance of the detector load is R,=700 kilohms; the 
grid-leak resistor is R,=2.5 megohms. 

Answer: R,=547 kilohms. 

7.4. Find the frequency distortion at F =5,000 hertz in a diode 
detector loaded by R,=0.5 megohm, shunted by C= 200 pico- 
farads. 

Answer: M,= 1.03. 





CHAPTER VIII 
REGENERATIVE 
AND SUPERREGENERATIVE RECEPTION 


44. General 


Regenerative reception is based on the application of control- 
lable positive feedback (regeneration) to the grid-leak detector 
stage. 

Feedback is the transfer of part or all of a signal from some 
stage of an amplifier to a preceding stage or from the anode to 
the grid or some other circuit within the same stage. When the 
voltage fed back is in the same phase as the original, there will 
be an increase in amplification, and the feedback is said to be 
positive. 

A simple regenerative receiver is shown in Fig. 8.1. Consider 
what takes place in its circuitry. The radio-frequency current 
flowing in the aerial builds up an alternating magnetic field around 
the aerial coupling coil. This field induces a radio-frequency 
emf E in the tuned circuit coil L;,, so that a current /,, begins 
to flow in the tuned circuit (Fig. 8.2). 

The tuned circuit is usually adjusted to resonate at the fre- 
quency of the signal being received. Therefore, the current in 
the tuned circuit is in phase with the emf E induced in L,,. 


Fig. 8.1. Regenerative receiver 
circuit 
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Fig. 8.2. Vector diagram of currents 
and voltages acting in a regenera- L 
tive stage a 


The current l,e, passing through C, builds up a voltage across it 


. : l 
Ve= lie ae 


The input capacitance C;„ of the valve is considerably smaller 
than C.. Therefore, it may be considered that the grid voltage V 
is equal to the capacitor voltage Vo. 

The alternating voltage V, gives rise to an alternating com- 
ponent, /,, in the anode current, which is in phase with the 
grid voltage 


l; =. EnV g 


Feedback is provided by the coil La, called a “tickler”. The 
current J, flowing through L,, builds up a magnetic field around 
the coil. This magnetic field induces an emf of mutual induction 
in the tuned-circuit coil, which is 90° out of phase with the anode 
current. This is the feedback emf E,, 


En=t joMI, 


where the choice of the plus or minus sign depends on the sign 
of the mutual inductance M. 

Substituting the expressions for J, and V, in the equation 
of Ey, gives 


à p P 1 > M 
Ep = £ jOMEnl te G= E lte er 


or 
. Mg . 
Ep =t hte 


With positive feedback, when M is positive, E,, is in phase 
with /,, and, consequently, with the incoming signal in the tuned 
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circuit. Then 


Since we shall deal only with positive feedback, M will be 
considered positive in all the equations. With such phase relation 
between the incoming signal and the feedback emf, the current 
flowing through the tuned circuit increases. 

The increase in this current is accompanied by an increase 
in the capacitor voltage and, consequently, in the grid 
voltage. The increase in the grid voltage due to feedback is 
equivalent to additional amplification of the r.f. signal in the stage. 
Because of this, the output voltage of a grid-leak detector employing 
feedback is considerably higher than that of the usual grid-leak 
detector. In the final analysis, the increase in the output voltage 
of the grid-leak detector increases receiver sensitivity and extends 
the operating range of radio communication. This is the reason 
why regenerative reception was very popular during the early 
period of valve receivers. 


Review Questions 


1. What is the purpose of using positive feedback (regeneration) 
in a radio receiver? 

2. Can a regenerative receiver use transformer or tapped-coil 
coupling? 

3. Draw up the circuit diagram of a regenerative receiver 
using a transistor. 

4. May the tickler coil be connected in the cathode lead? 


45. Theory of Regenerative Reception 


As already noted, positive feedback augments the current 
through the tuned circuit of a regenerative stage 
; E+E 
le =A (8.2) 
When the tuned circuit is adjusted to resonate at the frequency 
of the signal being received, the impedance will be a pure resi- 
stance (Z= R). Substituting the expression for Ep and Z in 
Eq. (8.2) gives 





. Mø.. 
E+ En hte 


le=— R 
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Solving this equation for /,,, we obtain 


E CE 
le =———— = 5 (8.3) 
e M8m Re 
R—7Er g 
where R = R— Mga is the equivalent resistance of the tuned 
eq C 


circuit in a stage with positive feedback. 

In the preceding section it was stated that the increase in the 
current through the tuned circuit was due to the feedback emf. 
Equation (8.3) makes it possible to explain this increase some- 
what differently. As is seen, the equivalent resistance of the tuned 
circuit is brought down to R,,. This improves the Q-factor and, 
consequently, the selectivity of the tuned circuit, and reduces the 
bandwidth. A narrow bandwidth is particularly important in 
short-wave receivers whose tuned circuits usually have a broad 
bandwidth. 

The gain of a regenerative stage is decided by the valve and 
circuit parameters. If there is no feedback, the tuned-circuit 
voltage is the signal emf E, and the current is Ije. 

Then the voltage across the tuned-circuit capacitor C is 


. . . l E l 
Ve=V;= lie C = R ToC (8.4) 
With positive feedback, the equivalent resistance of the tuned 
circuit is given by Eq. (8.3). Substituting it in Eq. (8.4), we have 
f È 1 È 1 
Ver = Ra oC ~ > Men ToC (%0) 
C 


The gain due to feedback is numerically equal to the ratio of 
grid voltage in the stage with feedback to grid voltage in a stage 
without feedback: 

; 4 
Ky aie (8.6) 
Substituting the expressions for V,,, and V, into Eq. (8.6), 
and simplifying, we obtain 
; R 1 
Kn = Men = | Men 
C RC 





(8.7) 
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Equations (8.6) and (8.7) fully describe the gain due to feed- 
back as a function of the peak value of the incoming signal, 
valve and circuit parameters. As is seen, the grid voltage of a 
regenerative stage is limited to V, s, or the one at which the 
pulsating anode current attains a steady-state condition. Therefore, 
no matter how low or high the initial signal voltage may be, the 
steady-state grid voltage cannot be greater than V, 4. 

In other words, when the input signal is small, the gain due 
to feedback will be much greater than in reception of strong 
signals. That is, the gain is greatest where it is most needed. 

Referring to Eq. (8.7), the gain due to feedback will be at 
its greatest when the mutual inductance (that is, coupling) is such 
that the effective resistance of the tuned circuit drops to zero. 
Now, all energy lost in the grid circuit is fully compensated by 
the energy inflow from the anode circuit, and the tuned circuit 
is about to oscillate. The respective value of M is called the 
critical mutual inductance, and the regenerative circuit is said 
to have attained its critical point. Thus, to secure maximum 
regenerative amplification, positive feedback should be raised to 
the critical point where the circuit is about to oscillate. 

The resonant frequency of the regenerative circuit depends on 
the tuned-circuit parameters and may differ from the frequency 
of the incoming signal. Therefore, when the incoming signal and 
the signal of the regenerative circuit are added together, the 
result is new frequencies which are the sum and difference of the 
two signals. These are beat frequencies. If the beat frequencies 
are within the audio range, the earphones connected into the 
anode circuit of the receiver will reproduce a characteristic 
whistle interfering with the reception of the desired signal. 


Review Questions 


1. Why is it that the gain is a maximum with weak signals? 

2. How do the parameters of the tuned circuit affect the gain 
due to feedback? 

3. Can a regenerative receiver receive CW telegraph signals? 


46. Feedback Control Circuits 


As stated above, a regenerative circuit uses controllable posi- 
tive feedback. Feedback may be controlled in the following ways: 

(a) by varying the mutual inductance between L, and Ly, 
(see Fig. 8.1); 





Fig. 8.3. Variable-resistance feedback Fig. 8.4. Variable-capacitance feed- 
control back control 


(b) by varying the mutual conductance of the valve (Fig. 8.3); 

(c) by incorporating controllable negative feedback into the 
circuit (Fig. 8.4). 

In the circuit of Fig. 8.1, feedback is controlled by varying 
the relative position of L,, and L,,. The tickler coil is usually placed 
inside Li This is variable mutual inductance feedback control. 

In the circuit of Fig. 8.3 the mutual inductance remains fixed, 
and feedback is controlled by varying the mutual conductance g,, 
and the a.c. anode resistance R, of the valve. 

Continuous control of g, and R,, and, consequently, of feed- 
back can be effected by varying E, with a potentiometer, R,. 
This is variable-resistance feedback control. 

The circuit of Fig. 8.4 uses variable-capacitance feedback control. 
The mutual inductance between L,, and Ly», and, consequently, 
positive feedback, remain fixed. Feedback is controlled by C,. The 
capacitance of this capacitor is adjusted so that the reactance Xa 
of the anode circuit is capacitive over the entire frequency range 
of the radio receiver. Because of this, feedback through the inter- 
electrode capacitance C,, will be negative. 

Changing the setting of C,, and, consequently, the reactance 
of the anode circuit at the radio frequency, we can control the 
a.c. component of the anode voltage V,, and, hence, the value 
of negative feedback through C,,. While fixed positive feedback 
in the circuit brings down the equivalent resistance Req of the 
tuned circuit, controllable negative feedback increases this resistance 
by AR: 

| Rog = R— “Be + AR 
eq C 
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Fig. 8.5. Control of feedback in a 
transistor receiver 





With this method, the resultant feedback can be controlled 
continuously within wide limits and over a wide frequency range. 
In transistor receivers, feedback can be controlled by varying the 
current through the feedback coil (Fig. 8.5). As Ry, is decreased, 
the amount of feedback is also decreased, because the greater part 
of the alternating collector current will flow through R,,. 


Review Questions 


1. Can feedback be controlled by placing a variable capacitor 
across the feedback coil? 

2. Can feedback be controlled by varying the potential at the 
third (suppressor) grid of the pentode? 

3. How can feedback be controlled in a transistor receiver? 


47. Theory of Superregenerative Reception 


One of the main disadvantages of the regenerative stage is its 
instability at the critical point, when the equivalent resistance 
of the tuned circuit is nearly zero but still remains positive 

R =R" >0 

Even an insignificant change in the operating condition causing 
an increase in the mutual conductance of the valve is likely to 
change this inequality in such a way that the equivalent resistance 
of the tuned circuit will become negative and the circuit will 
begin to oscillate, with beats appearing in its output. The recep- 
tion of the wanted signal will be accompanied by a characteristic 
whistle. 

This disadvantage is non-existent in superregenerative reception 
which additionally provides an amplification of thousands of times 
in a single stage. 
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Briefly, the principle of superregenerative reception is as follows. 
Feedback in the regenerative detector is increased past the critical 
point so as to permit self-oscillation with rapid build-up. Obvio- 
usly, regenerative amplification is a maximum now. In order to 
preserve intelligibility, it is arranged that the oscillation is stopped 
very soon after initiation and then allowed to build up again. 
This process goes on continuously, and the circuit oscillates in 
bursts. 

The frequency of the bursts is usually above the audible range; 
hence the bursts will not be reproduced at the output of the 
superregenerative detector. The oscillation is interrupted by a quen- 
ching voltage. It may be supplied either by the detector itself 
(a self-quenching superregenerative circuit) or by a separate oscil- 
lator (a separately quenched superregenerative circuit), as shown 
in Fig. 8.6, operating at the quench frequency, fo. 

In the circuit of Fig. 8.6 the regenerative detector operates as 
an anode-bend detector, that is, the operating point of the valve 
is located on the lower bend of the characteristic. During the 
positive half-cycles of the quenching voltage, the operating point 
of the valve is shifted to that part of the characteristic where 
mutual conductance is higher. During the negative half-cycles of 
the quenching voltage the operating point is shifted to, or even 
beyond, cut-off. 

The operating point is positioned so that, when no quenching 
voltage is applied, the circuit is about to oscillate. 

Now the positive half-cycles of the quenching voltage will 
drive the circuit to self-oscillation, and the negative half-cycles 
will stop or quench the oscillation. Hence the name “quenching 
voltage”. 


Fig. 8.6. Separately quenched sup- 
perregenerative receiver 
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The build-up and stopping of oscillation depends on the mag- 


nitude of the tuned-circuit time constant te=- relative to the 
eq 


quench-frequency period T =>. 


Consider operation of the circuit with and without a signal. 
In the no-signal state, only a small current is flowing in the 
tuned circuit, due to thermal agitation of electrons in the tu- 
ned-circuit components. This is thermal noise current, and the 
respective voltage is thermal noise voltage, V,, which usually 
amounts to several microvolts. For simplicity, assume that when 
the quenching voltage is positive, self-oscillation will take 
place, i. e. 


MEm 
R.g=R—-—* <9 


while when this voltage is negative, self-oscillation will not oc- 
cur (Reg > 9). 

As soon as the equivalent resistance of the tuned circuit goes 
negative, the amplitude of the tuned-circuit current begins to 
increase exponentially 

Rea 
Í mte = Í m€ 2L 
If Re is sufficiently high in absolute value and the time 
T 
constant of the tuned circuit is t, <, the oscillation will 
reach a steady state determined by the parameters and opera- 
ting voltages of the valve. 

During the negative half-cycles of the quenching voltage, the 
oscillation is stopped and the current amplitude begins to dec- 
rease exponentially 

Req 
Í mnte = Í mse 2L 


reaching its initial value /,, at the end of each negative half- 
cycle. 

Thus, the circuit generates bursts of oscillation and the ave- 
rage anode current increases at their rate (Fig. 8.7). 

If the tuned-circuit time constant is greater than the half-pe- 


T 
riod of the quenching voltage, i.e. if T> p» the oscillation 
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Fig. 8.7. Waveforms of oscillation Fig. 8.8. Waveforms of oscillation in 
in the superregenerative circuit when the superregenerative circuit when 


Tq Tq 

Tte < g’ Tte > > 
(a) oscillation in the tuned circuit; (6) va- (a) oscillation in the tuned circuit; (b) 
riations in the average anode current variations in the average anode current 


in the tuned circuit will decrease before it attains a steady 
state. The respective waveforms of oscillation in the anode cir- 
cuit are shown in Fig. 8.8. 

Since initially the build-up of oscillation is controlled by the 
noise current, the bursts will differ both in duration and ampli- 
tude from one another. Therefore, variations in the average 
anode current will occur at random and cause so-called superre- 
generative hiss in the earphones (Fig. 8.9). 

Now consider operation of the superregenerative receiver with 
a sinewave signal E, causing in the tuned circuit a Signal cur- 
rent that considerably exceeds the noise current 


Tis > Lan 


As soon as the circuit begins to oscillate, the initial amplitude 
of the tuned-circuit current will be determined by the signal 
current and will remain unchanged. Therefore, the bursts of 


Quenching voltage 





Fig. 8.9. Oscillation in a super- ! AJLA T Ashe ) 
regenerative circuit in the no- aa 3 


signal state t 
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oscillation become regular, and the average anode current beco- 
mes constant. 

Disappearance of superregenerative hiss in the earphones is an 
indication that the average anode current has ceased to vary at 
random. 

Variations in the average anode current with the amplitude of 
the incoming signal depend on the mode of operation, that is, 
the character of oscillation. 

Let the time constant of the tuned circuit be greater than the 
half-period of the quenching voltage. As soon as the circuit 
begins to oscillate, the amplitude of the current in the tuned 
circuit will change exponentially. At the end of the positive 
half-cycle of the quenching voltage the amplitude of the tuned- 
circuit current will be 


a 


Rey 
w—— T 

— L 4 
I = Í p€’ 


The initial amplitude of the signal current /,,, is proportional 
to the signal voltage. Consequently, the final amplitude of the 
tuned-circuit current, Zate and the variations in the average 
current of the anode-bend detector, AJ, will also be propor- 
tional to the signal voltage. If the signal is modulated by an 
audio frequency, the average anode current will also vary at the 
audio-frequency rate (Fig. 8.10), or follow the envelope of the 
modulated r.f. signal. 

By definition, a detector whose output is the envelope of the 
input wave is a linear detector. So, the superregenerative circuit 
discussed is linear. 

Now consider variations in the average anode current when the 
amplitude of the tuned-circuit current is allowed to reach a stea- 
dy-state value. 


u 


| 


ian A 
SD 


— 2 
mte Í inst 


Quenching voltage 


Fig. 8.10. Oscillation in the 
superregenerative circuit on re- 
ception of modulated waves 
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Fig. 8.11. Diagram of incremental anode 
current 





In “with-signal” operation, the steady-state oscillation reaches 
a maximum amplitude at time ¢,. In “no-signal” operation the 
maximum amplitude of oscillation in the tuned circuit will be 
reached somewhat later, at time ¢,. 

The incremental current will be proportional to the area of 
the figure ACDB (Fig. 8.11). 

AT = In gt (tg — t) = Inst At (8.8) 
Rea Rea 
In st = (Ims + lon) e275 ' = Í mne?! 

The noise current is considerably smaller than the signal cur- 

rent, and its value in the brackets may be neglected 
Rg Ra 
ba = l ane?! 


Solving this equation for At =t, —t, 


tz 








Reg Reg 
La cobak (t-t) —eiL ^ 
lmn 
we have 
At = z In 78 
eq mn 


Substituting the expression for At in Eq. (8.8) gives 
a oem 
Al=I,. st Reg In T 
Thus, the incremental current is proportional to the logarithm 
of the incoming signal. Therefore, this mode of operation is lo- 
garithmic or non-linear operation. As the amplitude of the inco- 
ming signal increases, the bursts of oscillation grow longer. 
Consequently, the average current in the anode circuit will also 
increase. 
A superregenerative stage may provide an additional gain of 
several hundred thousand, and its value is practically indepen- 
dent of the type of valve used. The high gain of the superre- 
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Fig. 8.12. Self-quenching superre- 
generative detector 


generative detector is explained by the fact that the signal level 
at the receiver output depends, in the final analysis, on the grid 
voltage in the oscillatory state. The grid voltage due to the 
self-oscillation of the stage may be several volts, while the sig- 
nal being received is only several microvolts in many cases. 
The weak incoming signal actually serves only to control the 
superregenerative receiver. 

Hence, superregenerative reception is not just an improvement 
on the regenerative method, but is a method in its own right. 

In multi-stage receivers, the superregenerative curcuit is ordi- 
narily used in one of the intermediate stages preceding the de- 
tector, or in the detector itself. 

Superregeneration must not be used in stages coupled to the 
aerial, since the emission from the superregenerative circuit will 
interfere with operation of other receivers. 

Now let us consider operation of the self-quenching superrege- 
nerator of Fig. 8.12. It uses a parallel-feed tapped-coil tuned cir- 
cuit. R, and C, are so selected that the time constant t, = RC, 
is greater than the time constant Ty, of the tuned circuit. With 
the time constants thus selected, the oscillation in the tuned 
circuit will reach a steady-state amplitude before the negative bias at 
the grid does so. Therefore, the negative grid bias will continue to 
increase for some time after the oscillation has reached a steady-state 
amplitude. As this happens, the operating point is shifted to the re- 
gion of the characteristic with a lower mutual conductance. At some 
intermediate value of mutual conductance, the feedback provided 
in the circuit is insufficient to maintain oscillation in the tuned 
circuit, the condition Reg < 0 is no longer met, and the oscil- 
lation is stopped. At that instant. C, begins to discharge 
through R,, the negative bias decreases, and the operating point 
is shifted into the region of a higher mutual conductance. Thus, 
the discharge of the capacitor resets the circuit, and the circuit 
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again begins to generate a series of r.f. bursts. In the “with- 
signal” state, the build-up of oscillation is accelerated, and the 
repetition rate of bursts increases, affecting variations in the 
average anode current. If the applied signal is amplitude-modu- 
lated, the average current will follow the envelope of the mo- 
dulated wave. 


Review Questions 


1. What is superregeneration? 

2. Why is it that the noise level in a superregenerative recei- 
ver is higher than it is in a regenerative one? 

3. Does the mode of operation of a superregenerative circuit 
affect the additional gain? 

4. Draw up the diagram of a superregenerative circuit using a 
transistor. 


SUMMARY 


1. Application of controllable positive feedback in a receiver 
can considerably increase its sensitivity and selectivity. 

2. The gain of a regenerative stage increases with the ampli- 
tude of the signal. 

3. Maximum regenerative amplification is obtained when the 
stage is close to the critical point, i.e. when the circuit is about 
to oscillate. However, this is an unstable condition. 

4. Superregeneration maintains operational stability and also 
offers higher amplification. 


CHAPTER IX 
SUPERHETERODYNE RECEPTION 


48. General 


As distinct from a tuned r.f. (TRF) receiver where all pre- 
detection amplification is done at the incoming signal frequency, 
a superheterodyne receiver is one in which the incoming signal 
frequency is changed by a frequency changer stage to a different, 
lower frequency before pre-detection amplification is completed. 

This new frequency is called the intermediate frequency (i.f.), 
and it is constant, irrespective of the frequency to which the 
receiver is tuned. 

The intermediate frequency is produced by a heterodyne pro- 
cess and is always above the audible limit, that is, super-sonic. 
Hence, the receiver is called a super-sonic heterodyne, or a su- 
perheterodyne, or simply a superhet. 

A superhet offers a number of advantages over a TRF recei- 
ver, namely higher selectivity and sensitivity which remain 
constant over the entire range of frequencies, and better sta- 
bility. 

The higher selectivity of a superhet comes from the fact that 
the frequency-conversion process lowers the radio frequency to be 
handled. As will be recalled, selectivity is a function of the re- 
lative amount off resonance, Af/f,, which, with the absolute amount 
off resonance held constant, increases as the frequency is decrea- 
sed. Besides, since the i.f. is a fixed frequency, the i.f. ampli- 
fiers are fixed- tuned, and this allows them to be very carefully 
designed for better frequency response. 

The high sensitivity of a superhet is also due to the frequen- 
cy-conversion process, since the i.f. amplifier can secure a higher 
and more stable gain. This is also true of the constancy of sen- 
sitivity and selectivity over the frequency range, because the 
i.f. amplifier operates at a fixed frequency and its performance 
remains basically unchanged at any frequency within the range. 
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The stability of a superhet is improved owing to the fact that 
amplification is effected at three frequencies—radio, intermediate, 
and audio, instead of two in a TRF receiver. The reduced num- 
ber of stages operating at the same frequency minimizes the 
danger of self-oscillation due to parasitic feedback. 

Frequency conversion, like detection, is a non-linear process, 
and is performed by non-linear components. In principle, any 
type of detector may be used for frequency conversion. 

Frequency conversion, as has been noted, is a heterodyne pro- 
cess, that is, one of mixing or beating two frequencies together 
to get the intermediate frequency, f; The two frequencies are 
the incoming signal frequency, fẹ and the local-oscillator fre- 
quency, fe. Sometimes, fẹ is supplied from a separate valve 
(a local-oscillator valve), and the heterodyning is done in a mi- 
xer valve. Sometimes, the mixer and the local oscillator are ina 
single valve which constitutes a frequency changer (also known 
as a frequency converter). 

Figure 9.1 shows a simple mixer circuit in which a diode is 
used as the non-linear component. In order to separate the i.f. 
signal, the arrangement includes a resonant circuit tuned to the 
frequency {,—/,. Diode mixers are widely used on ultra-short 
waves. Frequency conversion on these waves is dealt with in 
detail in Chapter XIV. The present chapter discusses frequency 
conversion on long, medium, short and metre waves. On these 
waves, multi-grid valves are used as frequency changers. There 
are two forms of frequency conversion with multi-grid valves: 
single-grid injection and double-grid injection. 

Single-grid injection uses amplifying valves (usually pentodes) 
with a single control grid. Double-grid injection uses valves 
with two control grids. 

In the former case, the incoming signal and the local-oscilla- 
tor output are injected at the same grid of the mixer valve. 


T 


oy 


oh 


Fig. 9.1. Mixer circuit using a 
diode 
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Fig. 9.2, Simple single- 
grid-injection mixer circuit 
using a pentode 





Local 
oscillator 


In the latter case, the incoming signal is injected at one grid, 
and the local-oscillator output, at the other. 

Single-grid Injection. Fig. 9.2 shows a pentode mixer with 
single-grid injection. The incoming signal frequency, ,, and the 
local-oscillator frequency, @,, are injected at the same control grid. 
The valve is made to operate as an anode-bend detector by 
applying to its grid the necessary bias voltage from R connected 
in the cathode circuit. The two frequencies heterodyne, or beat 
together, in the valve, and the output (anode) current contains 
beat frequencies which are the sum and difference of the two 
original ones: 

no, + mo, 


where m and n are any integers. Frequency conversion uses the 
difference frequency, ©,—,. This is the intermediate frequency 
which is extracted by the resonant circuit connected in the anode 
circuit of the mixer valve and tuned to the i.f. 

The valve characteristic may be described, with a certain deg- 
ree of approximation, by a quadratic polynomial of the form 


ia = l, + av, + bu; (9.1) 
The grid voltage is 
Ug = V z o COS Wot +V p s COS Ost (9.2) 


Substituting the expression for v, in Eq. (9.1) and using the 


z 7 7 g 
trigonometric expansion 
P gd 
cos“ a = 5 + 5 cos 2a 
and 


cos & cos ĵ = 5 [cos (& + B) + cos (a—f)] 
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we obtain 
ig=1,+aV,,cos ot + AV, s COS Ot +4 BV? o +V, 
+- > bV2 o cos 2m,¢ + > bVz,cos 20,t + DV, V, ,cos(@,—,) t 
+ iV, oV g s COS (@o + @,) £ (9.3) 


As is seen from Eq. (9.3), besides the frequencies œ, and œ, 
the anode current contains direct components (the first, fourth 
and fifth terms), the second harmonics 2@, and 2%, (the sixth and 
seventh terms), and the difference and sum frequencies (the last 
terms), which dominate all other terms. 

The non-linearity of frequency conversion is confirmed by the 
fact that the frequencies œ, + , are due to the quadratic term 
bvż in Eq. (9.1). 

It should be noted that the difference frequency may be obtai- 
ned in two different ways: 

fi= foa — fs 
ifs —To2 

In the former case, the local oscillator is tuned to a frequency 
above the incoming signal frequency, (f,=/,-+ fi); it is usually 
used on long, medium and short waves. In the latter case, the 
local oscillator is tuned to a frequency below the incoming signal 
frequency, (f,=/,—/;); this is sometimes used in the VHF-UHF 
band. 

The mixer stage, that is, the mixer valve and the associated 
tuned circuit, provides both amplification and selectivity. 

Gain of the Mixer. The i.f. current is determined by the pe- 
nultimate term of Eq. (9.3) 


tig =DV, oV g s COS (O,—,) t = I ;7COS (@,—,) £ 
where 
li7=WV gV gs 
is the i.f. current amplitude. 


Multiplying both sides of the equation by R,,, we obtain the 
amplitude of the i.f. voltage across the tuned circuit 


V= TipRoe = bv, Vg sRoe 
The ratio of the i.f. voltage across the tuned circuit to the 


signal voltage at the mixer grid is known as the mixer or con- 
version gain. 
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Then 





K,= a T SOV g Roe (9.4) 
gs 
Since the mixer gain is a dimensionless quantity, the product 
bV,. may describe only the slope of the curve and have the di- 
mensions of conductance. We shall call the product Vg the 
conversion conductance, g,, and re-write the expression for the 
mixer gain thus: 


K,=8 Roe (9.5) 


Mathematical analysis borne out by experiments shows that the 
relation between the conversion conductance and the static mu- 
tual conductance of the mixer valve may be written thus: 


Ec = 2minan!(3 or 4) (9.6) 


Fig. 9.3. Effect of the local-oscillator voltage 
on the mutual conductance of the valve in fre- 
quency-conversion with single-grid injection . 
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where 2,,(70x) is the static mutual conductance in the linear region of 
the valve characteristic, that is, within the amplification region. 

Operation of the mixer stage is markedly affected by the mode 
of operation of the local oscillator. Thus, the amplitude of the 
l.o. output voltage, V,,, controls the conversion conductance, 
and this in turn controls the gain of the mixer stage. For a bet- 
ter insight in the matter, consider the plot of Fig. 9.3, which 
shows the non-linear region of the anode-grid characteristic used 
for frequency conversion, and the waveform of the l.o. voltage 
applied to the mixer grid. 

The l. o. voltage, whose amplitude is very large in comparison 
with the signal amplitude, shifts the operating point along the 
characteristic curve from the region with a minimum mutual con- 
ductance, Zn min) into the region of a maximum value, En (max) 
For clarity, the lower plot of Fig. 9.3 shows this change in gp 
as a straight line, on the assumption that the anode-grid characte- 
ristic obeys the square law. 

Thus, a maximum conversion conductance may be obtained 
only when variations in the voltage during a complete cycle of 
the local oscillator occupy the whole of the non-linear region, that 
is, when the mutual conductance varies from (min tO Em (max) 
This condition is satisfied when the peak value of the 1.0. voltage 
is five to ten volts, according to the type of valve. 

Going back to Eq. (9.5), it should be noted that the gain of 
a mixer stage is one-third to one-fourth of that of an amplifier 
stage using the same valve and the same tuned circuit. Eq. (9.5) 
holds for a mixer with a single-tuned circuit as load. When the 
load is a double-tuned circuit, the gain will be given by 


K, = eRe . (9.7) 


The selectivity of the mixer is determined by the type of reso- 
nant circuit in the anode lead. Most practical mixers use double- 
tuned band-pass filters. As already noted, the use of double-tuned 
circuits in fixed-tuned amplifiers provides for both high selectivity 
and flat gain over the entire bandwidth. Quantitatively, the sele- 
ctivity is given by Eq. (6.21) in the case of double-tuned circuits, 
and by Eq. (6.11) for single-tuned circuits. 

Double-grid Injection. This form of frequency conversion uses 
hexodes, heptodes (pentagrids), octodes, etc. Without going into 
details of each of these valves, consider the principle of double- 
grid injection. 


la 
ED 


ln 





l, 
gs 
Fig. 9.4. Family of charac- Fig. 9.5. Frequency conversion with double-grid 
teristics of a heptode injection 


Valves with two control grids have two families of anode-grid 
characteristics, one i,=f(e,,) with E,, held constant for the 
signal grid, and the other, i,=@(e,,.) with E,, held constant, 
for the oscillator grid which accepts the output of the local 
oscillator. 

Figure 9.4 shows typical characteristics of a heptode 


la =f leg s) 


The characteristics are plotted for different fixed values of the 
oscillator grid voltage and are nearly linear. In each case, the 
mutual conductance, while remaining constant with any signal- 
grid voltage, varies as the oscillator grid voltage is changed. 
E,,=0 corresponds to the highest mutual conductance; the 
gradient of the curve decreases as E,, is decreased. When an a. c. 
voltage acts upon the oscillator grid, the mutual conductance 
follows changes in the oscillator voltage. 

Operation of a valve with two control grids is illustrated in 
Fig. 9.5. The plot at (a) gives the idealized characteristics of 
the mixer valve. Two a.c. voltages of amplitudes V,, and V,, 
are simultaneously applied to the control grids. The quiescent operat- 
ing point Q, is determined by the grid biases —E,, and — E o=V go 

When no a. c. voltage is applied to the oscillator grid, the anode 
current is controlled only by the a.c. voltage at the signal grid. 
In this case, variations in the anode current are represented by 
the region mQ,n of the average static characteristic, and the 
amplitude of the alternating component /,, is shown in plot (b). 
In the same plot, Za, is the amplitude of the anode current 
when it is controlled only by the local-oscillator voltage V, o 
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Now the valve characteristic is shifted bodily from the position 
corresponding to E,,—0 to the position corresponding to 
—E,,=2V,,, and the operating point shifts along the vertical 
straight line 0Q,Q,. 

The local-oscillator frequency and the incoming signal frequency 
beat together to produce sum and difference (or beat) frequencies 
in the anode circuit. The envelope of the difference frequency 
provides the required intermediate frequency, while the sum 
frequency is discarded. 

In plot (c), the beat-frequency waveform has been obtained 
by algebraic addition of the ordinates of two sinusoids, each of 
which represents the alternating component of anode current due 
to the incoming signal and the local-oscillator signal separately. 

Referring to plot (b), six cycles of i,, and nine cycles of i,, 
occur during the time ¢,, while three cycles are obtained in the 
beat-frequency envelope. This is graphic proof that the frequency- 
conversion process produces a difference frequency which can be 
isolated by a suitable filter. 

Valves using double-grid injection are characterized by conversion 
parameters which can be found from static characteristics. These are: 
conversion conductance 








lac 
Ee. = Ve V.=0 (9.8) 
valve amplification factor 
Ve 
aaa Ia e=0 (9.9) 
a. c. anode resistance 
Rae= Vys=0 (9.10) 
or 
— Be 
Ra = g 


Review Questions 


1. Why does a superheterodyne receiver offer better sensitivity 
and selectivity? . 

2. Why does a superheterodyne receiver have better stability? 

3. Why is it that, other things being equal, a mixer stage has 
a lower gain than an amplifier stage? 


9—487 
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4. What variable can be used to control the conversion con- 
ductance? 

5. How does the mixer gain depend on the amplitude of the 
local-oscillator voltage? 

6. What is the disadvantage of single-grid injection? 

7. Which part of a mixer stage determines its selectivity? 


49. Mixer and Frequency-changer Circuits 


The operation of a frequency changer determines to a conside- 
rable degree the performance of the superheterodyne receiver. 
Above all, the changer affects the frequency range. For good 
coverage, the local oscillator must generate a steady signal over 
the whole range of frequencies being received. The amplitude 
of the local-oscillator voltage must remain more or less constant 
over the range, because it controls the conversion conductance 
and, consequently, the mixer gain over the range. This calls for 
careful design of the local-oscillator circuit, proper selection of 
the mixer valve, and maintenance of the optimum operating 
voltages. 

Let us analyse in greater detail the factors controlling the 
frequency stability of the local oscillator. 

By definition, superheterodyne reception is one in which the 
incoming signal frequency and the local-oscillator frequency 
heterodyne to produce the difference (or intermediate) frequency: 


i o s° 

It is to this fixed intermediate frequency that the resonant 
circuits in the mixer stage and in the i.f. amplifier are tuned. 
When the local oscillator generates the assigned frequency, the 
intermediate frequency is that to which the tuned circuits are 
tuned, and the signal frequency spectrum is symmetrical about 
the axis of the resonance curve of the i.f. amplifier (Fig. 9.6a). 
A different situation is observed when the local oscillator is 













Fig. 9.6. Signal frequency spectrum 


(a) at exact tuning of the oscillator; (6) when 
the oscillator is detuned 


O 
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unstable. A deviation of the oscillator frequency from its assigned 
value will bring about a corresponding change in the intermediate 
frequency, f; so that it will move away from the frequency to 
which the i.f. amplifier is tuned, and the signal frequency spectrum 
will be unsymmetrical about the axis of the resonance curve 
(Fig. 9.66). The extreme frequencies of the spectrum will be atte- 
nuated, and additional frequency distortion will take place. If the 
oscillator drifts considerably, the incoming signal frequency spect- 
rum may fall outside the bandwidth, and reception of the 
signal will be impossible. 

The frequency stability of the local oscillator depends on its 
circuit configuration and some external factors. It also depends 
on the degree of coupling between the r.f. tuned circuit and the 
tuned circuit of the local oscillator. If the coupling is tight, any 
change in the tuning of the r.f. tuned circuit will affect the 
reactance reflected from the r.f. circuit into the local-oscillator 
circuit, and there will be a change in the frequency of the local 
oscillator (known as pulling). 

Mixer Circuits with Single-grid Injection. Mixer curcuits with 
single-grid injection employ pentodes operating as anode-bend 
detectors. 

The simple mixer circuit with single-grid injection shown in 
Fig. 9.2 has a very serious shortcoming in that the oscillator- 
tuned circuit and the r.f. tuned circuit are coupled to each 
other. This coupling impairs the frequency stability of the local 
oscillator. 

This disadvantage is minimized in the mixer circuit of Fig. 9.7a. 
In this circuit the oscillator voltage is applied to the mixer valve 
through a coil L, connected to the cathode. The coupling between 
the tuned circuits is through the interelectrode capacitance C,,, 
which is comparatively small, and the pulling of the local oscil- 
lator is reduced. 

Fig. 9.76 shows a mixer circuit using a pentode with a high 
mutual conductance. In this case the necessary conversion con- 
ductance can be obtained when the local oscillator is loosely 
coupled to the control grid. The typical values of the coupling 
capacitor are 1 to 4 picofarads. Mixer circuits with single-grid 
injection are seldom used. Their application is chiefly limited 
to radio receivers which, owing to special requirements, have to 
employ the same type of valve in all stages. 

Mixer and Frequency-changer Circuits Using Double-grid 
Injection. In mixers and frequency changers using double-grid 


9* 
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Fig. 9.7. Pentode mixer 
circuit 





injection, the coupling between the r.f. tuned circuit and the 
local oscillator is considerably reduced by the screen grid or 
grids between the oscillator and signal grids. 

Some valves using double-grid injection (such as heptodes) may 
be of two kinds. One is designed as a mixer valve; the other 
combines the functions of a mixer and local-oscillator valve. 
Valves of this kind are known as frequency changers (see Sec. 48). 

Other valves with double-grid injection, such as triode-hexodes 
and triode-heptodes, can be used only as frequency-changers. 

Heptode Frequency Changer. Heptodes are valves with five 
grids, and are frequently referred to as pentagrids. 

A typical heptode frequency-changer circuit is shown in Fig. 9.8. 
The incoming signal is taken from the left-hand r.f. tuned 
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Fig. 9.8. Heptode frequency-changer circuit 


circuit and fed to the injector grid G3. The cathode, GI, and G2 
act as a triode in the local oscillator which operates as a feedback 
(or self-) oscillator. G2 and G4 are connected together and act 
as the anode’ of the local-oscillator triode. At the same time, 
they act as screen grids isolating the injector grid from the 
oscillator grid, and are therefore held at r.f. earth potential. 

Since, however, the anode of the local-oscillator valve is at 
r.f. earth potential, the local oscillator is of necessity arranged 
into a cathode-coupled circuit, with the tuned circuit placed 
between G1 and earth. 

The tuned circuits contain series capacitors, called padders, 
which are used for alignment of tracking, or the proper frequency 
relationship between the r.f. and local-oscillator tuned circuits. 

The anode circuit of the frequency changer contains an i. f. 
transformer, which is a band-pass filter. It secures the requisite 
selectivity and passes the intermediate frequency. 

Heptode Mixer. The incoming signal is applied to the first 
grid of the mixer (Fig. 9.9); a separate local oscillator feeds 
its voltage to the third grid. The second and fourth grids are 
the screen grids, and the fifth is the suppressor. 

The output of the local oscillator, which is arranged into 
a cathode-coupled circuit, is taken from the lower part of L, 
and is applied to the oscillator grid in the mixer via an RG 
network. 
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To if ampliner grid +f, 





Fig. 9.9. Heptode mixer 


Triode-Heptode Frequency Changer. The circuit diagram of 
a triode-heptode frequency changer appears in Fig. 9.10. The 
triode is used ina local oscillator, and the heptode acts as a mixer. 
The local oscillator is an inductively-coupled feedback oscillator. 






Champlitier grid | 4 Er 


Fig. 9.10. Triode- heptode frequ- | T7, === 
e ency changer % AGC hias 
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Reviow Questions 


l. How does the frequency instability of the local oscillator 
affect operation of the mixer or frequency changer? 

2. Can a pentode be used in a frequency changer with double- 
grid injection? 

3. Why is it that the local oscillator in a heptode frequency 
changer is arranged into a cathode-coupled circuit? 

4. How will an increase in coupling between the tuned circuits 
of the i.f. transformer affect the bandwidth of the frequency 
changer? 


50. Transistor Mixers and Frequency Changers 


The non-linearity of semiconductor devices makes them suitable © 
for use in mixer and frequency changers on a par with valves. 
Both semiconductor diodes and transistors are used for the purpose. 
The circuit of a semiconductor diode does not differ in any respect 
from the valve diode circuit shown in Fig. 9.1. Frequency con- 
version by means of transistors is similar to the single-grid injec- 
tion method. 

Figure 9.11 shows a mixer employing two transistors. This cir- 
cuit resembles the valve mixer of Fig. 9.7. The incoming signal 
voltage V,, taken from the tuned circuit K, is applied through 
a coupling coil L, to the base of the transistor connected into 
a common-emitter circuit. The local oscillation is taken from the 
bottom part of the coil in the tuned circuit K, and is injected 


_———,. 


Fig. 9.11. Transistor 
mixer 
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Fig. 9.12. Transistor fre- 
quency changer 





into the emitter circuit of the mixer transistor. The local oscillator 
is â self-oscillator with inductive feedback. The collector (output) 
circuit of the mixer transistor contains an i.f. transformer. 

Figure 9.12 shows the circuit of a transistor frequency changer 
in which the same transistor functions as mixer and local oscil- 
lator. The r.f. signal voltage is taken from the tuned circuit K, 
and is applied to the base of the transistor connected into the 
common-emitter circuit. The local oscillator uses inductive feed- 
back to the tuned circuit K, in the emitter circuit. The feedback 
coil Lp is connected in the collector circuit together with the 
output tuned circuit K, tuned to the intermediate frequency. 
In this circuit, the incoming signal frequency and the local-oscil- 
lator frequency beat together. 


Review Questions 


1. What form of valve frequency conversion can be accom- 
plished with a transistor circuit? 

2. Why is it that in transistor frequency changers the signal 
is applied to the i. f. amplifier via a coupling coil? 

3. Which circuit in .a transistor frequency changer governs 
its selectivity? 
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51. Particulars of Superheterodyne Reception 


Spurious Responses. Of all spurious responses, the more impor- 
tant is image or second-channel interference. As already noted, 
the intermediate frequency is produced by beating together the 
incoming signal frequency and the local oscillation. 

Suppose that the local oscillator has been tuned to receive 
a signal of frequency f, such that 


o= fit fs 


However, the receiver can respond also to another signal, f z, 
if it is such that eS ass 


fss—fo= fi (9.11) 


that is, when the same i.f. response is obtained as with the 
wanted signal 

fo— ta =f: (9.12) 
The unwanted signal which causes interference, if not eliminated, 
is called the image for the reason that it is symmetrical about 
the local-oscillator frequency like a mirror image of the wanted 
signal (Fig. 9.13). The image is removed from the wanted signal 
by twice the intermediate frequency: 


fsa — fo =f; 
fo—fa=hi (9.13) 
fse— İsa = 2f; 
= For example, when f,, = 3,920 kilohertz and f;= 465 kilohertz, 
the image will be fsa = fim = 3,920 +-930 = 4,850 kilohertz. 
Another form of spurious response is adjacent channel inter- 
ference. As its name implies, it arises when the unwanted sig- 
nal is very close to the wanted one in frequency, so that about 
the same i.f. response is produced by the loca! oscillator. 
Then there is intermediate-frequency interference which arises 
when the unwanted signal picked up by the aerial is at, or near, 
the i.f. of the receiver. If this unwanted signal succeeds in 
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Fig. 9.13. Image channel interference 9 hy 
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Fig. 9.14. I.f. rejector circuits (2) 


breaking through to the signal grid of the mixer, it will receive, 
there and thereafter, as much amplification as the wanted signal. 

Spurious responses may be suppressed only in the circuits 
preceding the mixer, i.e. in the aerial-input circuit and in the 
radio-frequency amplifler. 

I.f. interference can be eliminated by filters connected at the 
receiver input. Figure 9.14a shows an i.f. rejector connected 
into the aerial-input circuit. This is a parallel resonant circuit 
tuned to resonate at f;. At resonance, it offers a high impedance 
to any i.f. signal, thereby blocking its passage to the mixer. 
Figure 9.146 shows another type of i.f. rejector. This is a series 
resonant circuit, connected across the receiver input and tuned 
to the intermediate frequency. At resonance, its impedance drops 
to a very low value, and the receiver input is short-circuited 
for the intermediate frequency. 

Heterodyne Whistle. Harmonics of the local oscillator may 
beat with signals far removed from the desired frequency to 
produce output at, or near, the intermediate frequency, which 
will go through the receiver in the same way as an ordinary 
signal. 

Suppose there is a beat frequency 


fp =2f,—fo 


If f,=931 kilohertz and f;=465 kilohertz, the frequency of 
the local oscillator will be 


fo = fs + f; = 931 + 465 = 1,396 kilohertz 


whence 
2f, — fe = 1,862 — 1,396 = 466 kilohertz 


| 


lp 
(b) 
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Detection will produce heterodyne beats of frequency /,—/;= 
= 466 —465 =1 kilohertz, which will appear as “birdies” in the 
speaker. 

Selectivity. In contrast to the selectivity of a straight (TRF) 
receiver, that of a superheterodyne receiver is expressed in 
terms of two quantities. 

1. Adjacent-channel selectivity (sometimes called selectance), 
defined as the ability of a superhet to discriminate against ad- 
jacent-channel signals. 

Adjacent-channel selectivity is provided by all selective cir- 
cuits of the receiver. Yet, in view of the broad bandwidth of 
the resonant circuits preceding the frequency changer, particu- 
larly on short waves, it may be said that adjacent-channel atte- 
nuation is chiefly provided by the intermediate-frequency amplifier. - 

2. Image-channel selectivity, defined as the ability of a super- 
heterodyne receiver to discriminate against image frequency. 

The image signal can be suppressed only in the circuits pre- 
ceding the frequency changer, which is therefore done by the 
aerial-input circuit and the radio-frequency amplifier. 

In Chapter V the selectivity of the aerial-input circuit was 
given by 

I l 
=n Ves 
Í fo 


where x=Q,, (4) is the generalized frequency separation. 


0 
Referring to Fig. 5.1, the output voltage is taken from the 
tuned-circuit capacitor and is fed to the grid of the next stage. 
Hence, for correct evaluation, the selectivity must be represen- 
ted by the ratio of voltages 











V oC 
Y == out = — 
v Vout 0 I l 
C 


Putting + =Y, we obtain 
0 
Y,=Y > 


As a result, the voltage selectivity of the tuned circuit takes 
the form 








to 
T (9.14) 
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The only difference between the current and voltage selecti- 
vity equations is the relative frequency. 

When the frequency separation between the wanted and the 
unwanted signals is small, say h 0.1, the ratio h. may be 
considered to be close to unity, and Y =Y ņ. 

In other words, the adjacent-channel selectivity of the aerial- 
input circuit is given by Eq. (5.4), and 

2Af 
x= Qe; 


The image channel selectivity of the aerial-input circuit should 
be determined from Eq. (9.14). In the special case of short wa- 
ves, where the frequency separation Af= 2f; is small in compa- 
rison with fọ, the current selectivity equation should be used. 

At large values of absolute frequency separation, Af=f—f,, 
which is the frequency separation of the image channel, the 
generalized frequency separation is x>>1. Therefore, the image 
channel selectivity equation may be written as: 


imin x 


| Loli 
i f 


Noting that f=/,+2f, and writing the image channel selec- 
tivity as a reciprocal of Y 
ae 1 E ao fot2fi fo fot 2; 
din n= Figg = * Fy = Ger (OR RFR)  (9-18) 
After simplification, the design equation for the image chan- 
nel selectivity of the aerial-input circuit reduces to 


din in = Quy | (EFV — 1] (9.16) 


It should be noted that for a tuned radio-frequency amplifier 
the current and voltage selectivity is the same. Hence, the selec- 
tivity equation (5.4) applies to radio-frequency amplifiers for 
both small and large frequency separation between the wanted 
and unwanted signals. 

With x> 1, the image-channel selectivity of a single-stage 
tuned amplifier according to Eq. (5.4) will be 


A. Ay fot2fi fo 

din ranp == Qoy (STI RETR) we 
The image channel selectivity of the aerial-input circuit and 

the radio-frequency amplifier with similar tuned circuits is, in 
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im 
Fig. 9.15. Resonance characteristics of a OEEk 
superheterodyne receiver 2G 


accordance with Eqs. (9.15) and (9.17), given by 


where n is the number of tuned circuits in the aerial coupler 
and radio-frequency amplifier. 

The selectivity of a superheterodyne receiver may be repre- 
sented by its resonance characteristics. Figure 9.15 shows the 
resonance curve of the aerial-input circuit and the radio-frequency 
amplifier (Yin.-s), the resonance curve of the i.f. amplifier Y,, 
and the overall resonance curve Y, which is obtained by mul- 
tiplying the ordinates of the curves. When Af =2f, the ordinate 
Yim on the resonance curve Yin. represents the image channel 
selectivity. The adjacent-channel selectivity is found from the 
Y, curve at Af=10 kilohertz (which is the frequency separation 
for communication and broadcast stations by international agre- 
ement) and is represented by the segment Y. On short waves, 
the resonance curve Yin. is gently sloping and has practically 
no effect on the adjacent-channel selectivity. On medium and, 
especially, long waves, this curve is very sharp, and the overall 
bandwidth of the receiver is therefore considerably narrowed. 
In calculating a superhet, it should be sought that the reduction 
in bandwidth due to r.f. circuits should be kept at 10 to 15 per 
cent. 

Choice of Intermediate Frequency. The value of intermediate 
frequency is pivotal to the sensitivity, selectivity, gain, and 
bandwidth of the superhet. 

For example, a low intermediate frequency offers the advanta- 
ges of high sensitivity due to high i.f. stable gain, and also 
good adjacent channel rejection. Furthermore, for a given qua- 
lity factor of the i.f. tuned circuit, Qis a low intermediate fre- 
quency results in a narrow bandwidth, 2AF = filQ:; and, as a 
consequence, a sharp resonance curve. 
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On the other hand, good image rejection is provided by a 
high intermediate frequency. Referring to Fig. 9.15, an increase 
in frequency separation, Af=2f;, improves the rejection of the 
image frequency (the ordinate Y,,, decreases). 

Obviously, one cannot secure high sensitivity, high adjacent 
channel selectivity, and high image rejection at one and the 
same value of intermediate frequency. This is why the choice of 
the intermediate frequency is a matter of balance between conflict- 
ing considerations. 

To begin with, it must not be that used by any transmitters 
within the operating range. Otherwise, it might be picked up 
directly in the receiver wiring or in the aerial, and result in 
heterodyne whistle. 

In broadcast and some communication receivers, the interme- 
diate frequency is 465 kilohertz which falls in between the me- 
dium- and long-wave bands. 

In communication receivers operating in the long-wave range, 
it is good practice to use 110 kilohertz. Then, for a wanted 
signal frequency of 150 kilohertz, the image-channel frequency 
will be f;„=370 kilohertz which is twice the wanted signal 
frequency and will be easily rejected by the aerial-input circuit. 

Short-wave communication receivers secure good image-channel 
rejection by using an intermediate frequency of 1,600 kilohertz. 

To reduce image response, communication receivers with a 
narrow bandwidth of 500 hertz, intended for reception of teleg- 
raph signals, employ two intermediate frequencies, or so-called 
double-frequency conversion (Fig. 9.16). The first intermediate 
frequency is high; the second intermediate frequency is suffici- 
ently low to obtain a narrow bandwidth. 





Fig. 9.16. Block diagram of a double-conversion superheterodyne receiver 
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Review Questions 


l. When is the image frequency lower than the wanted signal 
frequency? 

2. What circuits reject signals at or near the intermediate fre- 
quency? 

3. What circuits provide image rejection in a superhet? 

4. When do the aerial-input circuit and the r.f. amplifier affect 
adjacent-channel selectivity? 

5. How does an increase in the intermediate frequency affect 
adjacent channel selectivity? 

6. Which of the receiver resonant circuits control its band- 
width in the long-wave range? 


52. Ganged Tuning of Superheterodyne Receivers 


In broadband superheterodyne receivers the aerial-input circuit, 
radio-frequency amplifier and local oscillator are tuned with 
variable tuning capacitors. Most communication and all broad- 
cast receivers have the variable capacitors of all the tuned cir- 
cuits mounted on one shaft. This allows the receiver to be tuned 
with a single control. 

This is ganged tuning. The number of ganged sections is the 
same as that of tunable circuits. So, there are two-, three- and 
even four-gang capacitors (Fig. 9.17). 

This operating convenience, however, involves some difficul- 
ties. The point is that the tuning of the local oscillator must 
always be separated exactly the intermediate frequency from the 
signal frequency. The variable capacitor of the local oscillator is 
therefore ganged to the r.f. tuning capacitors so that they move 
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Fig. 9.17. Two-and three-gang 
capacitors 
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Fig. 9.18. Ganging of radio-frequency and local-oscillator circuits 


CD— required oscillator tuning, EF--actual oscillator tuning, AB—aerial-input circuit and 
r.f. amplifier tuning 


together. The r.f. tuned circuits are made as nearly identical as 
possible. The local oscillator circuit, clearly, cannot be the same. 
Because of this, the same change in the setting of the variable 
capacitors will produce different changes in the r.f. and local 
oscillator tuning. 

Consider how changes in the setting of the variable capacitors 
affect the tuning. 

With a fixed inductance L, the coverage from f, to f, is de- 
termined by the limits of capacitance, C,;, to C,,,, of the 
ganged capacitor. 

The tuning of radio-frequency circuits is given by 


l 
fs om VE 9.19) 

Figure 9.18 relates the resonant frequencies of the receiver tuned 
circuits to the capacitance of their variable capacitors. Eq. (9.19) 
is represented by curve AB. In accordance with the superhete- 
rodyne principle the requisite tuning of the local oscillator may 
be expressed as 


1 
h= fst fi= On VLC +H; (9.20) 

Eq. (9.20) is represented in Fig. 9.18a by curve CD, parallel 
to curve AB. 

Let us determine how the actual tuning of the local oscilla- 
tor varies. Suppose that at a minimum capacitance C,,, and 
the corresponding value of the tuned-circuit inductance L, the 
local-oscillator frequency is represented by point E coinciding 
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with point C. In this case the tuned circuits are said to be 
tracking at the high-frequency end of the range. 

As the capacitance is varied, the loca! oscillator frequency 
will change in conformity with the equation 


1 
DaF TF (9.21) 
_ Equation (9.21) differs from Eq. (9.20), and, consequently, 
the actual variations in the tuning of the local oscillator are 
other than the desired ones. 

The third curve EF, representing Eq. (9.21), passes below 
curve CD because L, < L, and for each value of C in Eq. (9.21) 
there will be an ordinate f which is smaller than the respective 
ordinate in Eq. (9.20). 

The discrepancy between curves CD and EF shows that at 
all points, except the upper one, the difference frequency f,—/, 
is other than the assigned value, and, therefore, the receiver 
cannot provide the desired coverage over the range. 

Example 9.1. A radio receiver covers a frequency range from 
a= 1,600 kilohertz to f,=400 kilohertz. The intermediate fre- 
quency is f;=200 kilohertz. Find the diference frequency 
fo— fs at the low-frequency end of the range, if the tuned circuits 
are tracking at the high-frequency end of the range. 

Solution. From the statement of the problem, the frequency 
at the low-frequency end of the range is four times down. Con- 
sequently, the capacitance of the variable capacitors must increase 
16 times. 

Since the tuned circuits are tracking at the high-frequency 
end of the range (point C), the frequency of the local oscillator 
is f, = 1,600 + 200 = 1,800 kilohertz. 

As the capacitance of the local oscillator increases 16 times, 
its frequency goes down to one-fourth of its value 


for =E = 450 kilohertz 


Thus, the difference frequency at the low-frequency end of 
the range (point F) 


lor—Ts n= 450 — 400 = 50 kilohertz 


differs from the assigned value of the intermediate frequency 
f; = 200 kilohertz. 
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A much better result will be obtained when curves CD and 
EF coincide at point O (Fig. 9.18b) corresponding to the mid- 
frequency band of the range. Then the discrepancy at the ext- 
reme ends of the range will be smaller. 

In practical cases, the tuned circuits are made to track at 
three points of the range: at the beginning, at the end and in 
the middle. At other points, the frequency of the local oscillator 
is allowed to differ slightly from its exact value. The requisite 
alignment is secured by connecting two or more capacitors in 
the local-oscillator circuit, as shown in Fig. 9.19. 

The capacitance of the parallel-connected capacitor C,,, (or Cra) 
called a trimmer, is low, and can be varied within tens of pico- 
farads. The series-connected capacitor C, called a padder has a 
capacitance of 1,000 picofarads when used along with standard 
variable capacitors (17 to 500 picofarads) on medium and long 
waves. On short waves, its capacitance may be several thousand 
picofarads. 

Let us determine the effect of the padder and trimmer on the 
capacitance of the local-oscillator circuit at two extreme settings, 
C nin po À Cmax of the tuning capacitor. 

(i) C 


The a of the parallel connection 
C par = mint Ory 


has increased in comparison with Cp; 
The total capacitance of the local-oscillator circuit is 


Since Cp is usually much greater than C,,,, we can neglect 
Car in the denominator, so that 


par 
Cio S = C oar > C min 


The increased capacitance decreases the frequency of the tuned 
circuit. Consequently, point E on curve EF in Fig. 9.18b is 
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shifted down. With proper alignment, that is, proper adjustment 
of Cp and C,,, point F should coincide with point C. 

(2) C =C max 

The capacitance of the parallel connection increases only 
slightly due to C,,. Noting that Cmax D Cr 


C par =x C nax 
The total capacitance of the local-oscillator circuit 


Cm axCp 
C max + Cp 


is considerably lower in comparison with Cmax», because Cmax 
and Cp are comparable in magnitude. A decrease in capacitance 
is accompanied by an increase in frequency. With proper align- 
ment, that is, proper adjustment of Cp, point F on curve EF 
must coincide with point D (see Fig. 9.18b). 

The actual tuning curve of the local oscillator (the dotted 
line) coincides with the desired tuning curve at three points, 
while at other points it approaches curve CD. 

Figure 9.20 shows an approximate curve of the tracking error. 
Here, f, and f, are the limiting frequencies of the range while 
fı fa and f, are the settings at which the r.f. and local oscil- 
lator tunings are exactly right (perfect tracking). 

The tracking error, defined as the difference between the ac- 


Crot = 


_. tual and the required tuning of the oscillator, is given by 





Af=(fs+ f) — fo (9.22) 


The error may be a maximum, Afmax, at the ends of the 
range and between the points of perfect tracking. It is impor- 
tant to determine the limits of the tracking error already in 
the design stage for the reasons explained below. 





Fig. 9.20. Tracking-error curve 
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Fig. 9.21. Determining the limits of the 


tracking error from the resonance curve — ———— PHH 
of the aerial-input circuit and r.f. am- 
plifier 


Let us see what happens when the receiver is being tuned at 
a point of imperfect tracking. The operator tries to secure ma- 
ximum output, which is obtained when the intermediate frequ- 
ency amplifier is tuned to resonance. The intermediate frequency 
will have its assigned value only when imperfect tracking is cor- 
rected by a respective change of the local oscillator frequency. 
Because of ganged tuning, however, this will detune the radio- 
frequency circuits by an amount equal to the tracking error. 

The limits of the tracking error may be determined from the 
plot of Fig. 9.21. Suppose that the signal frequency along with 
its sideband spectrum, limited by the bandwidth of the receiver, 
is shifted from the resonant frequency of the radio-frequency 
circuits by an amount equal to the maximum tracking error Afmax. 
Since the aerial-input circuit and r.f. amplifier have a broad 
bandwidth, the tracking error will only slightly affect operation 
of the receiver. However, if the side frequencies fall even slightly 
outside the bandwidth the sensitivity and selectivity of the recei- 
ver will be impaired, and frequency distortion will be conside- 
rably. increased. 

. Thus, the limit of the tracking error is decided by the shape 
of the combined resonance curve of the aerial-input circuit and 
radio-frequency amplifier. On long and medium waves, a sharp 
resonance curve limits the tracking error to several kilohertz; 
on short waves, it may be tens of kilohertz. 

According to Fig. 9.21, the acceptable limit of the tracking 
error may be expressed as 


Af max + AF, < AF (9.23) 
where AF, is a half-bandwidth of the receiver. 
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Review Questions 


1. Which circuits of a superhet may be gang-tuned? 
2. When will a single padder capacitor suffice in ganged tuning? 
3. On what frequencies may the tracking error be a maximum? 


53. Calculation of a Frequency Changer 


The complete procedure includes calculation of the local-oscil- 
lator parameters, conditions for self-oscillation, and the mixer. 
When a receiver is being designed, it is usually sufficient to cal- 
culate the tuned-circuit components of the local oscillator and 
mixer. If necessary, the conditions for self-oscillation of the local 
oscillator may be calculated by the methods explained in texts 
on radio transmitters. 

Calculation of the Local-oscillator Parameters. This is done 
from considerations of ganged tuning. The computation may be 
performed analytically or graphically. The analytical method is 
cumbersome and calls for extra care. 

What follows is one of approximate graphical methods, applicable 
to the local-oscillator circuit of Fig. 9.19 where C is the capa- 
citance of each tuned circuit in the aerial coupler and r.f. amp- 
lifier, comprising the capacitance C, of the variable capacitor and 
the shunt capacitance C, which is connected in parallel with C,, 


such that 
C=C,+C, 


We assume that the local oscillator uses a variable capacitor C, 
identical with those in the aerial-input circuit and the r.f. amp- 
lifier. Cp is the capacitance of the padder, Crı is the capacitance 
of the trimmer. 


Given: 


1. Frequency range, /,-/,. 

2. Intermediate frequency, f; | 

3. Tuned-circuit inductance L of the aerial-input circuit and 
r.f. amplifier. 


To Find: 
1. Inductance L, of the local oscillator. 
2. Cp. 
3. Cr- 
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Fig. 9.22. Curve for deter- 
mining the inductance of the 
local-oscillator circuit 





Design Procedure: 


1. Select a variable capacitor and assume that the shunt capa- 
citance is the same, C,, as in the aerial-input circuit and the 
r.f. amplifier. - 


2. Find the ratio n=}, where 


fmo = 


Irth 
2 


is the midband frequency. 
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Fig. 9.23. Curve for determining f 
the capacitance of the padder Cp Tnb 
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Fig. 9.24. Curve for determining 
the capacitance of the trimmer Cri 


3. Determine the maximum capacitance of the local-oscillator 
circuit 


C yes = C, max F C, 
4. Determine the inductance of the local oscillator 
Li =2aL 


The value of @ can be taken from Fig. 9.22. 

5. Find the capacitance of the padder Cp from the plot of 
Fig. 9.23. 

6. Find the capacitance of the trimmer C,, from the plot of 
Fig. 9.24. 

Calculation of the Mixer. The frequency changer uses the same 
i.f. transformer (band-pass filter) as the i.f. amplifier, which 
is usually calculated before the frequency changer. 


Given: 


l. Intermediate frequency, f; 

2. Resonant resistance of the i.f. transformer (R,,). 
3. Conversion gain, K,. 

4. L.f. transformer coupling parameter, n. 
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To Find: 


1. Type of valve. 
2. Conversion gain K, (as a check). 


Design Procedure: 


1. Select the circuit configuration and type of valve for the 
mixer. 

2. Select the method of connection of the i.f. transformer 
primary to the anode circuit of the mixer valve so that the 
shunting effect of the valve would not exceed 25 per cent. 

For this purpose, find the coupling parameter p (the tapping- 
down factor) 


1 
p< V “gm 


where Riicon = (1.5 to 2) Ra and Ra is the a.c. anode resis- 
tance of the mixer valve. 

If pæl, the i.f. transformer primary may be directly con- 
nected to the anode circuit. When p< l, use should be made 
of transformer or tapped-coil coupling. If inductive coupling is 
not desirable, ancther type of valve with a higher value of R, 
should be chosen. 

3. Determine the inductance of the anode coil (only for induc- 
tive coupling): 

(a) for transformer coupling 


n 
where the coefficient of coupling is assumed to be 
k=0.4 to 0.6 
(b) for tapped-coil coupling 
L= pL 
4. Find the conversion gain of the mixer 
Ke = arp EcRoeP 


When the tuned circuit is directly connected to the anode cir- 
cuit, p= 1. 
The computed value of K, must exceed its specified value. 
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SUMMARY 


1. In contrast to a straight (TRF) receiver, the incoming-signal 
frequency in a superhet is converted to a lower (intermediate) 
frequency before detection. 

2. Since most of the pre-detection amplification is at the rela- 
tively low intermediate frequency, superhets compare favourably 
with all other types of receiver in selectivity, sensitivity, and 
stability. . 

3. Frequency conversion is effected by a non-linear process 
taking place in a frequency-changer (or mixer) valve or transistor 
as its mutual conductance follows variations in the local-oscilla- 
tor voltage. 

4. Valves used as frequency changers are characterized by the 
following conversion parameters: g., Raicom and p,. The most 
important parameter is the conversion conductance g, which is 
one-third to one-fourth of the maximum static mutual conduc- 
tance of the valve. 

5. The gain of the frequency-changer stage depends on the 
type of valve and anode load resistance. Its value is from one- 
third to one-fourth of the gain of an amplifier stage using similar 
valves and load resistances. 

6. The selectivity of the frequency-changer is mainly determined 
by the type of resonant circuit connected into its anode lead. 

7, Frequency conversion may use single-or double-grid injection. 

8. A major disadvantage of the superheterodyne receiver lies 
in spurious responses, above all image response. 

9. In the superheterodyne receiver two types of selectivity 
are distinguished: image selectivity and adjacent-channel selectivity. 
The former is secured by the aerial-input circuit and r. f. ampli- 
fier, and the latter, mainly by the intermediate-frequency circuits. 

10. Ganged tuning of the superheterodyne receiver is made 
possible by the tracking of the tuned circuits, secured by con- 
necting padder and trimmer capacitors into the local-oscillator 
circuit. Perfect tracking is obtained at three points of the range. 
Imperfect tracking at other points of the range does not interfere 
with normal reception. 


æ Problems 


9.1. Find the gain of the frequency changer of Problem 6.6, 
if the pentode operates as a mixer. 
Answer: K,& 25. 
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9.2. The pentode characteristic is described by the equation 
ia = l, + av, + bu; 


Find the conversion conductance if V,, 
b=0.1 mA/V?. 

Answer: g.==0.5 milliampere per volt. 

9.3. Determine the gain of a frequency changer loaded into an 
i.f. transformer at critical coupling, if L=8,000 microhenrys; 
Q=50; n=1; and f;=120 kilohertz. 

Answer: K,=115. 

9.4. Determine the image selectivity of a superheterodyne re- 
ceiver using a single-tuned coupling circuit for two cases as 
follows: 

(a) f,= 1,500 kilohertz; f;= 465 kilohertz; Q = 50; 

(b) f.= 12, 500 kilohertz; f: = 465 kilohertz; Q=50. 

Use the current and voltage selectivity equations. 

Answer: 

(a) Voltage selectivity dim = 81. Current selectivity d;, =50 gives 
a wrong selectivity value. 

(b) Voltage selectivity d;a =7.5. Current selectivity d;,,=7. 
In the short-wave range, the current selectivity only slightly 
differs from the voltage selectivity. 

9.5. Find the image response of a receiver whose r.f. section 
consists of an aerial-input circuit and one amplification stage, 
using the data of Problem 9.4. 

Answer: 

(a) din = 4,050; 

(b) Gimp = 52 


=5 volts and 








CHAPTER X 
RADIO INTERFERENCE 
AND ITS SUPPRESSION 


54. General 


Radio interference is any type of disturbance acting on the re- 
ceiver and causing unwanted responses in the terminal equipment, 
such as undesirable sounds or crackling in the loudspeaker, white 
or black spots on the screen of a cathode-ray tube, or false ope- 
ration of a relay. More important still, interference may completely 
drown the wanted signal. 

Interference may be divided into periodic and aperiodic. 

Periodic interference has a definite carrier frequency. An example 
is the action of several signals on the same receiver. Periodic 
interference is chiefly suppressed by the selective devices of the 
receiver, such as described in the preceding chapters. 

Aperiodic interference covers random disturbances, or those 
having no definite repetitive characteristic. 

In this chapter we shall discuss aperiodic interference. 

Any aperiodic interfefence is made up of impulses which bring 
about bursts of damped oscillation in the resonant circuits of the 
receiver. 

_ Interference impulses may be of short duration and spaced 

widely apart in time, or they may come in an extremely rapid 
succession. The final effect, or response, will be different in each 
case. 

In the former case, when the spacing between impulses is 
large, each burst of oscillation caused in the first tuned circuit 
by each pulse builds up a considerable voltage at the final stage. 
As a result, crackling sound or clicks following at the same rate 
as the interference will be heard on, say, the earphones. This 
form of interference is called impulse noise. 

In the latter case, the burst of oscillation due to one impulse 
has no time to die out before another produces a burst of its 
own. Accordingly, it is called continuous (or white) noise. 
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The voltage at the final stage will be a sum of voltages with 
random phase relationships. Because of phase difference, the re- 
sultant voltage may be lower than in the case of impulse noise. 
In the terminal equipment (speaker or earphones), this form of 
interference appears as rustling, hissing, etc. 

Aperiodic interference is classified in three types according to 
its source: 

(1) atmospherics, 

(2) man-made interference, 

(3) receiver (internal) noise. 

Atmospherics and man-made interference are mainly of the 
impulse type, while receiver noise is continuous. 


Review Questions 


1. What type of interference is receiver noise? 
2. What noise is classed as aperiodic interference? 


55. Atmospherics 


Atmospherics, also referred to as statics or strays,. are due to 
natural weather phenomena and electrical charges existing in the 
atmosphere. 

The main source of statics is lightning. A lightning discharge, 
having a voltage of several million volts and a current of hundred 
thousand amperes, would build up an electromagnetic field pro- 
pagating over hundreds of kilometres and producing radio inter- 
ference. Statics may also be generated by all types of moving 
electrical charges in the atmosphere, such as cosmic rays, ultra- 
violet rays, nuclear radiation, etc. 

Lightning discharges are caused by the movement of air masses. 
This movement are in turn determined by the intensity of sun 
light. The level of atmospherics also varies with the season of the 
year, the time of the day and the conditions of wave propagation. 
In summer, statics are stronger than in winter. They are also stron- 
ger at low than at high latitudes. 

The intensity of statics varies from band to band. To clarify 
the matter we shall discuss the frequency spectrum of impulse 
noise. 

Each noise impulse acting upon the receiver may be represen- 
ted by an infinite series of elementary sinusoidal voltages whose 
frequencies are spread from zero to infinity. The amplitudes of 
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_ Noise 
intensity 


Fig. 10.1. Intensity of impulse noise 
as a function of frequency f 


these elementary voltages, as shown in Fig. 10.1, decrease as the 
frequency goes up. Atmospherics are stronger at low radio frequen- 
cies (long and medium waves), and are less pronounced at higher 
radio frequencies (short and ultra-short waves). The intensity of 
interference depends upon the bandwidth of the receiver; the 
wider the bandwidth, the stronger the interference. 

The main objective of noise suppression is to secure a signal-to- 
noise ratio necessary for normal reception of the wanted Signal. 

This may be done in different ways. Wherever possible, short 
and ultra-short waves (on which the statics level is comparatively 
low) are used. Highly directional aerials also reduce the interfe- 
rence level to a considerable degree. Narrowing the receiver band- 
width is another method of decreasing the interference. In the 
latter case, it is good practice to introduce a device for varying the 
bandwidth of the receiver. 

Impulse noise may be partly suppressed by a noise-limiting 
stage incorporated in the receiver. 

Radio reception in aircraft is subject to a peculiar form of 
interference due to electrostatic charges accumulating on the metal 
parts of a flying airplane. These charges constantly change in 
magnitude, giving rise to circulating currents which generate 
noise in the receiver aerial. To decrease these currents, the metal 
parts of the plane should have reliable electrical contact with one 
another, or—as radio engineers say—reliable bonding should be 
provided. 


Review Questions 


1. How does an increase in the bandwidth affect the response 
to atmospherics? 

2. In what frequency band is the receiver less sensitive to 
atmospherics? l 
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56. Man-made Noise 


Man-made noise is due to the electromagnetic fields generated 
by various electrical machines and devices. This type of interfe- 
rence is set up chiefly by abrupt current changes accompanied by 
an electrical spark or arc. The main sources of man-made inter- 
ference are: electric power generators, telegraph sets, all types of 
switches, automobile and aircraft ignition systems, tram-cars, trol- 
ley-buses, and X-ray installations. It is evident that the level of 
man-made interference will be much higher in large cities where 
a great number of electrical machinery operates. In this respect, 
radio receivers in the countryside are in much better conditions. 

Man-made interference finds its way into receivers mainly via 
the aerial or via the a.c. mains. 

The interference picked up by the aerial can be minimized with 
the aid of a loop aerial. In inverted-L and T-aerials interference 
is reduced by use of screened and balanced downleads. Interfe- 
rence from a.c. mains is blocked by decoupling filters connected 
into the primary winding of the power transformer. 

Figure 10.2 shows two forms of decoupling filters; one is a 
choke-capacitor filter, the other uses capacitors. In (a), the filter 
passes the 50-hertz supply current and filters out the interference 
components of higher frequencies. In (b), capacitors bypass the 
primary winding for the r.f. 

However, it is difficult to suppress man-made interference at 
the receiver. Therefore, this interference should be controlled at 
the source. 

For this purpose the ignition systems in internal-combustion 
engines (automobiles, aircraft, ships, etc.) are thoroughly screened. 
Inelectrical installations supplied with power from common mains it 
is necessary to insert special. f. filters. Sparking commutators must 
be fitted with spark-quenching circuits. Electrical-installation co- 
des envisage a number of measures for suppressing interference. 


3 Choke = 
Mains Mains 
Fig. 10.2. Circuits pre- 3 EF 3 Ea 
venting the penetration 3 


of man-made noise into Choke 
a radio receiver via 
(a) (b) 


supply mains 
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Review Questlons 


1. How can man-made interference reach the receiver? 
2. What devices can be used to prevent the entry of noise 
voltages from the supply mains? 


57. Receiver (Internal) Noise 


Even in the “no-signal” state, one can hear hissing or rustling 
sound in the terminal device of a sensitive receiver. This is 
receiver, or internal, noise. 

Receiver noise is the continuous form of interference and is 
characterized by a voltage whose average value varies within 
narrow limits. 

Internal noise is a major limiting factor for receiver sensitivity. 
In valve receivers, it is predominant in the VHF and UHF bands 
where external noise becomes insignificant because its spectral 
density falls off rapidly (see Fig. 10.1). In transistor receivers, 
internal noise reduces sensitivity already at the lower frequencies. 

Receiver noise may originate in a number of ways and is 
divided into thermal noise, valve noise, or transistor noise, which 
are treated separately in the following sub-sections. 

Thermal Noise. Noise of this type, also known as Johnson or 


_ circuit noise, is the result of the random motion of electrons 


which occurs in any circuit due solely to thermal agitation, that is, 
even in the absence of an applied emf. Over a period of time, 
these random or fluctuation currents (because the motion of elec- 
trons is a current) cause no net potential difference or voltage 
across the circuit. Instantaneously, however, they do, and the 
result is very small fluctuation or noise voltages. They are so 
small that ordinary voltmeters will not register them. Yet, when 
applied to a sensitive amplifier or receiver, they produce a res- 
ponse comparable with that due to the wanted signal. 

Thermal noise voltages have components at all frequencies from 
zero to infinity. The magnitude of the noise voltage remains 
fixed over the entire frequency spectrum, but increases with the 
ambient temperature and the resistance of the circuit. The noise 


| voltage in the output of the receiver is proportional to the band- 
| width of the receiver. 


The value of the noise voltage across an impedance R-+ jX 


is given by: 
V2=4kTR Af (10.1) 


_where V,=r.m.s. value of the noise voltage 
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k= Boltzmann’s constant (1.38x10~” joules/degrees K) 
T =temperature of the circuit or component in °K 
R=resistance of the circuit or component in ohms 
Af = frequency band of the noise voltage, which is close 
to the bandwidth 2AF of radio receivers with a large 
number of tuned circuits, in hertz. 
In practical calculations it is convenient to use the following 
equation: 


V,,= 0.125 V RAf (10.2) 


where V, is in microvolts, R in kilohms, and Af in kilohertz. 

To determine the noise voltage across a tuned circuit, Ree 
should be substituted for R in Eq. (10.2). 

Example 10.1. Find the noise voltage across a resistor R=0.5 
megohms at T > 300°K and Af = 10 kilohertz. 

Solution. 


V,= 0.125 V RAF = 0.125 V 500 x 10 = 8.9 microvolts 


It should be noted that the noise voltage at the output of a 
radio receiver is mainly due to the noise voltage in the input 
circuits because the noise voltage developed in those circuits is 
amplified by all the stages of the receiver. The noise voltage 
generated in the following stages has a much smaller effect. 

Example 10.2. Find the noise voltage at the output of a five- 
stage amplifier. The gain of each stage is K= 10. The noise vol- 
tage at the input of each stage is V,=5 microvolts. 

Solution. The noise voltage at the amplifier output due to the 
noise at its input is 


Vi, out = KK KK KV, = 108X5 x 107° =0.5 volt 


The noise voltage at the amplifier output due to the noise at 
the second-stage input is 


Vin ont = KiK.KsKV, = 10°X5X 10-*°=0.05 volt 
Since the noise voltage in the subsequent stages is very small, 


it may be disregarded. Then the overall noise voltage at the 
amplifier output will be 


Vn out = Vn ont Va ont = 0-5 +0.05 = 0.55 volt 
Valve Noise. Electrons are emitted by a hot cathode at ran- 


dom, so that there is a random fluctuation of current between 
the cathode and anode (anode current). This random fluctuation 
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contains components at all frequencies. The resultant noise, known 
as shot noise, is thus similar in its effects to thermal noise. 
Fluctuations in the anode current produce a fluctuation voltage, 
which is the noise voltage appearing across the anode load. 

The magnitude of noise voltage introduced by a valve is usually 
specified by quoting a resistance which, when placed at the input 
to the same valve, now assumed to be noiseless, will yield the 
same noise voltage at the output. This resistance is known as 
the equivalent noise resistance, R,. 

For valves with control grids it is found convenient to place 
this fictitious R, in the grid circuit (as the input to the valve). 
The noise voltage in the grid circuit may be found from 
Eq. (10.1) 


V2 =4kTR,Af (10.3) 


Theoretical research, confirmed by experiments, shows that the 
equivalent noise resistance of a triode is given by 


_ 2.5 to 3 


Rn Em 


(10.4) 


If g,, is expressed in milliamperes per volt, the noise resis- 
tance R, will be in kilohms. 

Example 10.3. Find the equivalent noise resistance of the 6CITI 
triode. 

Solution. From a valve manual we find that g, is 2.2 milliam- 
peres per volt. The equivalent noise resistance is given by 
Eq. (10.4) 

2.5 25 


R, == =53= 1-14 kilohms 


There is a further source of noise in multi-grid valves in which 
the anode current is shared or partitioned by the grids positive 
to the cathode. This sharing or partition is random, so that a 
fluctuation akin to the shot effect is caused. This is partition 
noise. Thus, multi-grid valves are noisier than tetrodes. The noise 
level in a pentode is from 3 to 5 times higher than that in a 
triode. 

The noise resistance is extremely high in multi-grid frequency- 
changer valves, because of which they are not used in the VHF 
and UHF bands. 

The noise resistance of some Soviet valves is given in Table 10.1. 


10—487 
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TATLE 18.1 
Valve , Noise resistance, 
type | Particulars Ry, ohms 
6)KIB Miniature pentode 2,180 
Same Same, triode-connected 180 
ae Bantam dual triode fi 
6)K8C Screen-grid, sharp cut-off glass pentode 960 
(US equivalent, 6F8) 
6C2C Glass triode (US equivalent, 6J5-GT) 960 
6C1T] Bantam triode (US equivalent, 6C4) 1,140 
6C2I1 Bantam triode 680 
6c3MM Bantam triode 150 
6H9C _ Glass dual triode (US equivalent, 6SL7) 1,560 
6K4 Screen-grid, remote cut-off r.f. pentode 4,000 
6)KOTI Screen-grid, sharp cut-off bantam pentode 530 
6K9C Screen-grid, remote cut-off glass pentode 11,000 
(US equivalent, 6U7G) 
6K ITI Screen-grid, remote cut-off, UHF bantam 13,000 
pentode 
6A7 Frequency-changer valve for double-grid 200 x 108 
injection (US equivalent, 6SA7) 
6K1N Screen-grid, sharp cut-off bantam r.f. 2,130 
pentode (US equivalent, 6AK5) 
6K20 Screen-grid, sharp cut-of bantam r.f. 4,340 
pentode 
6)K3N Screen-grid, sharp cut-off r.f. bantam 1,370 
pentode (US equivalent, 6AG5) 
SKSI Screen-grid, sharp cut-off r.f. bantam 640 
pentode 
6>K9 Screen-grid, sharp cut-off r.f. bantam 390 
pentode 
6K40 Screen-grid, remote cut-off bantam pento- 3,500 
de (US equivalent, BA6) 
6A2N Frequency-changer valve for double-grid 240,000 


injection (US equivalent, 6BE6) 


Transistor Noise. Transistor noise consists of 1/f noise, shot 
noise, thermal noise, and partition noise. 

The 1/f noise components arise from the properties of the semi- 
conductor lattice. They are chiefly confined to the collector region 
and account for a noise voltage of 50 to 100 microvolts. Their 
designation “1/f” reflects the fact that their power is inversely 
proportional to frequency. In practical junction transistors, 1 If noise 











RADIO INTERFERENCE AND ITS SUPPRESSION 291 





becomes negligible at very low frequencies. The 1/f noise com- 
ponents can be kept to a minimum by making the direct collec- 
tor current as low as practicable. 

Shot noise in transistors is due to the fact that the transport 
of carriers across the collector and emitter junctions is a random 
process. As measured at room temperature, the shot-noise voltage 
across the collector junction is 50 microvolts and across the emit- 
ter junction, about one microvolt. Shot noise contains compo- 
nents of a uniform frequency spectrum. 

Thermal noise is due to thermal agitation in the base bulk 
resistance on heating. As measured at room temperature, the ther- 
mal-noise voltage is about one microvolt. It contains components 
of a uniform frequency spectrum, too. 

Partition noise is due to the random sharing or partition of 
current between the base and collector. Since the partition-noise 
voltage of a transistor „is proportional to its alpha current gain, 
there is a slight increase in the partition-noise voltage with fre- 
quency. 

Thus, transistor noise consists of components which are non- 
uniformly distributed over the frequency spectrum. It is more 
pronounced at low frequencies up to 30 kilohertz and at high 
frequencies over 100-500 kilohertz (for alloy transistors). 

The level of noise in transistors varies with the source resis- 
tance. The lowest noise in a transistor stage will be obtained with 
a source resistance, Ra equal to anywhere from 500 to 1,000 ohms, 
which corresponds to perfect impedance matching between the 
source and the input resistance of the transistor operated com- 
mon-emitter. 

It may be noted that the circuit configuration does not affect 
the noise properties of a transistor stage. 

Noise Factor. The total noise voltage Vs, of a circuit is given by 


Ven =V V}, +V FVF. (10.5) 


where V,,, Vna etc., are the noise voltages due to each circuit 
component. me 
However, the total noise voltage is not the only criterion of 
the noise properties of a radio receiver. 
Another criterion is the noise factor (sometimes called the 
noise figure), N. eh tas ar 
The noise factor (Fig. 10.3) can be stated as the-ratio.of the 
signal-to-noise ratio at the input to that at the output of the 


10* 
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Fig. 10.3. Concerning the noise 
factor of a receiver 


receiver 


Ps/Pn 
Ps outl Pn out 


N= (10.6) 
where P, and P, 4, are, respectively, the signal levels at the 
input and the output, while P, and Pno are the noise levels 
at the input and output. 

An ideal noiseless receiver introduces no extra noise and has 
the same signal-to-noise ratio at the output as at the input. Its 
noise factor is therefore unity. A practical receiver adds some 
noise to the signal, the signal-to-noise ratio at the output deteriora- 
tes, and the noise factor becomes less than unity. 

Thus, the noise factor specifies the extent to which a practical 
receiver causes deterioration of the signal-to-noise ratio in com- 
parison with an ideal receiver. 

The noise factor increases with frequency. In the frequency 
range from 200 to 10,000 megahertz, it varies from unity to a 
few tens. At frequencies exceeding 10,000 megahertz, N > 50. 
Usually, the factor N is expressed in decibels as 


For instance, the noise factor MN=50 in decibels is 
N ap = 10 log,, 50 = 17 db. | 

The noise factor can also specify the noise quality of indi- | 
vidual stages and amplifiers. | 

From the foregoing we may conclude that the noise level in 
highly sensitive receivers can mainly be reduced by the proper 
choice of the bandwidth and the use of valves with a minimum 
noise resistance in the early stages. 

The methods of noise suppression discussed in the present chap- 
ter do not solve all the problems concerned with interference-free 
reception. Such reception can be best obtained by replacing am- 
plitude modulation with frequency or some other type of modu- 
lation. | 
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Review Questions 


1. What type of interference limits the sensitivity of the recei- 
ver in the VHF-UHF band? 

2. In what receivers does internal noise appear in all frequ- 
ency ranges? 

3. What circuit parameter controls thermal noise in a tuned 
circuit? 

4. Which of the valve parameters indirectly specifies the noise 
quantity of the valve? 

5. Which stages in a receiver control its noise quality? 

6. Why is a practical receiver noisier than an ideal one? 


SUMMARY 


1. Interference may be periodic and aperiodic. Aperiodic inter- 
ference is of two kinds: impulse noise and white (continuous) 
noise. Atmospherics and man-made noise are mainly of the for- 
mer type, while internal (receiver) noise is white noise. 

2. Atmospherics and man-made noise are most pronounced on 
long, medium and, partly, short waves. At very- and ultra-high 
frequencies internal (receiver) noise predominates. 

3. Radio reception is possible only when the signal voltage is 
some specified level above the noise voltage. 

4. Interference may be minimized by use of decoupling filters 
at the receiver input and by suppressing interference at the 
source. 

5. The noise quality of a radio receiver may be specified by 
quoting the resultant noise voltage due to “noisy” components 
of the circuit, and by the noise factor. 

6. The level of internal (receiver) noise may be reduced by 
the proper choice of the bandwidth and valves with a minimum 
noise resistance for the early stages. 





CHAPTER XI 
RECEPTION 
OF FREQUENCY-MODULATED SIGNALS 





58. General 


With advances in the art of radio reception, the requirements 
for receiver sensitivity, bandwidth and selectivity grow more and 
more stringent. However, as we already know, an increase in 
sensitivity and bandwidth is inevitably accompanied by the de- 
terioration of the signal-to-noise ratio, and the actual sensitivity 
of the receiver decreases. 

A way out is offered by frequency modulation (FM). The out- 
standing feature of FM is that it permits reception which is free 
from interference and noise. With FM, the signal-to-noise ratio 
at the receiver output is more than a hundred times higher than 
at the output of an amplitude-modulation (AM) receiver. In 
brief, frequency modulation consists in that an r.f. carrier is 


A£ signal 
v 
t 
a) 
V; Rf carrier 
Ćć 


v Frequenty-rooulated signal 


AMAL A A ADIM A A 
NUU VC V VV # 


Af Frequency deviation 


Fig. 11.1. Frequency modulation (a) 
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shifted, or deviated, to a higher or lower frequency at a rate 
decided by the frequency of the audio (modulating) signal, while 


‘the amplitude of the carrier remains constant. 


Figure 11.1 is a representation of frequency modulation. 

When a modulating signal (waveform a) is applied, the car- 
rier frequency (waveform 6) is increased during one-half cycle of 
the modulating signal and decreased during the half-cycle of op- 
posite polarity. This is indicated in the plot (waveform c) by the 
fact that the r.f. cycles occupy less time (higher frequency) when 
the modulating signal is positive, and more time (lower frequen- 
cy) when the modulating signal is negative. 

The change in the carrier frequency (waveform d) is called the 
frequency deviation, Af. As is seen, the frequency deviation is 
controlled by the amplitude of the modulating signal. As shown 
in the plots of Fig. 11.1, the amplitude of the modulated wave 
does not change during modulation. 

A frequency-modulated wave, modulated by a single tone of 
frequency F, may be described as 


v=V,, sin (o,f + M; sin Qt) (11.1) 


where: o, =angular frequency of the r.f. carrier 
Q = nF = angular frequency of the audio (modulating) signal 


M, = “Imax = modulation index defined as the ratio of the ma- 


ximum frequency deviation to the modulating fre- 
quency. 

The width of an FM channel depends on the value of the 
modulation index M,. When M,<1, the FM channel contains 
frequency w, and two side frequencies œ, + 2. As M y increases, 
more side-bands are added to the FM channel, and it widens. 
For practical cases, it may be considered that when M; > 1 the 
FM channel is mainly determined by the maximum frequency 
deviation Af,,,, and is equal to 2Af,,,.. 

In broadcasting, the maximum frequency deviation Af max» 
which corresponds to the peak amplitude of the modulating sig- 
nal, is 75 kilohertz. This means that a radio station occupies a 
150-kHz channel. Since each station is allocated a channel of 250 
kilohertz, frequency modulation may be used on ultra-short wa- 
ves (the VHF band) only. 

FM receivers are immune to interference mainly because the 
signal amplitude remains unchanged by modulation. Let us com- 
pare the signal-to-noise ratio at the input of FM and AM recei- 
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Fig. 11.2. Relation between sig- 
nal and noise in AM and FM 


vers. Assume that the amplitude of the FM signal equals the 
peak amplitude of the AM signal (Fig. 11.2), and that the in- 
terference level is the same in both cases. 

As is seen from Fig. 11.2a, in AM the signal-to-noise ratio is 
constantly changing. At large amplitudes, the signal is conside- 
rably greater than the noise so that the latter affects reception 
but slightly. Conversely, at low amplitudes, the signal and noise 
may be equal in level, and the noise can make reception impos- 
sible. Consequently, for AM reception, the minimum amplitude 
of the signal must be several times the interference level. 

The situation is quite different in FM reception. As is seen in 
Fig. 11.26, the signal-to-noise ratio remains constant and equal 
to the value obtained at the peak of amplitude modulation. 

A good deal of their freedom from noise in FM receivers comes 
from refinements in their circuitry. 

The point is that external and internal noise causes amplitude 
variations in the signal in sympathy with the interference signal, 
which is, in effect, unwanted amplitude modulation. 

In receivers, interfering noise is kept to a minimum by a pro- 
cess called limiting and by circuits called limiters. Figure 11.3 
shows how this is done in AM and FM receivers. 

In AM receivers, however, partial elimination of variations in 
the amplitude of the signal caused by interference upsets the 
modulation, and, ultimately, leads to non-linear distortion in the 
audio signal. 

In contrast, the amplitude limiters used in FM receivers eli- 
minate all amplitude variations in the signal without distorting 
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Fig. 11.3. Limiting in AM and oe ee 
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the intelligence contained in the modulation. Thus, limiting is 
an effective method of removing amplitude variations from FM 
signals and gives FM receivers their well-known freedom from 
noise. 

FM is widely used in radio broadcasting, television and mi. 
crowave radio relay systems. 

The diference between AM and FM makes an FM receiver 
- somewhat different from its AM counterpart. For one thing, FM 
receivers normally operate in the VHF band. For another, the r. f. 
section of the receiver (before the detector) should have a much 
broader bandwidth. 

Modern FM receivers are chiefly superheterodyne receivers owing 
to the high sensitivity and good selectivity they offer in the VHF 
band. 

Functional Units of an FM Superheterodyne Receiver. As com- 
pared with AM receivers, an FM receiver has an additional li- 
miter stage and employs a frequency discriminator instead of an 
amplitude detector (Fig. 11.4). The purpose of the limiter is to 
eliminate all amplitude variations in the signal. The limiter may 
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E a sande stage, or its function may be performed by the last 
i.f. stage. 

The frequency discriminator converts the constant-amplitude, 
frequency-modulated signal into an audio signal whose frequency 
is the frequency at which the deviation of the FM occurs and 
whose amplitude is proportional to the magnitude of this frequ- 
ency deviation. 

The i.f. amplifier of an FM receiver, in contrast to that of 
an AM receiver, must amplify signals over a comparatively broad 
bandwidth (150-200 kilohertz). Therefore, an FM i.f. amplifier 
must have more stages than the usual narrow-band i. f. amplifier. 

Let us establish the relation between the gain and bandwidth 
of a single-stage FM amplifier. 

As will be recalled, 


Ky = 8m oe 
Noting that the resonant resistance of a tuned circuit is 
Q 
Roe =P = aR 
and the bandwidth is 


2AF = Afaa = 4 
we obtain 


Em Em 
K, Sache RCM aw a 

Thus, the broader the bandwidth, the lower the gain of a single 
stage is. 

As a rule, the i.f. amplifier of an FM receiver has at least 
three amplifier stages. 

The intermediate frequency in such receivers is from several 
megahertz to tens of megahertz. In order to secure high fidelity 
of sound reproduction, the bandwidth of the a.f. section is usu- 
ally broadened to 15 kilohertz. 







Loitdspeaker | 


Fig. 11.4. Block diagram of an FM superheterodyne receiver 
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Review Questions 


1. What factor controls the magnitude of the frequency devia- 
tion? 

2. Why does limiting distort the modulation in AM signals? 

3. How does limiting affect the signal-to-noise ratio? 

4. Why is FM used mainly in the VHF band? 

5. How does the bandwidth affect the stage gain of an FM 
receiver? 


59. The Limiter 


There are two main causes for amplitude variations in the FM 
signal. The first one is that the r.f. and i.f. stages do not have 
a frequency response which is perfectly flat across the top and has 
sharp cut-offs. Frequencies close to the carrier are amplified more 
than those removed from it. 

The other cause is external and internal interference. 

The limiter may be a separate stage specifically designed for 
that purpose. In that case, it bears a close resemblance to a diode 
detector and may have any one of many configurations. 

More frequently, the last i.f. stage serves as the limiter. The 
circuit of such a stage is shown in Fig. 11.5. This circuit di- 
ffers from that of the usual i.f. stage only in that R, and C 
are incorporated in the grid circuit to provide for the limiting 
action. Figure 11.6 illustrates the operating principle of a clip- 
per-limiter, or slicer, also known as the grid-leak limiter. 

When the signal voltage is applied to the grid of the valve, 
a current appears in the grid circuit. This current builds up a 
negative bias voltage across R, thereby reducing the stage gain. 
The magnitude of the grid bias is determined by the magnitude 





Sth, 


Fig. 11.5. I.f. amplifier stage operating as a limiter 
| 
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Ê 
Fig. 11.6. Operating principle of a Fig. 11.7. Clipping-limiting with 
clipper-limiter reduced voltages at anode and screen 


grid of the limiter valve 


of the positive signal peak from the i.f. amplifier. The greater 
the amplitude of the input signal, the greater is the negative 
grid bias. 

Owing to this, the positive peaks of the pulsating anode cur- 
rent are said to be “clipped at the grid”, or “flattened by grid 
current”. The negative peaks of the signal voltage are, clipped or 
flattened by anode current cut-off (or simply, by “cut-off”). The 
result is that a horizontal slice of the signal is taken. 

This method of limiting is effective only when high-amplitude 
signals are applied to the grid. To limit low-amplitude signals, 
the voltage at the anode and screen grid of the limiter stage is 
decreased to 30 to 50 volts. In this case, the valve characteristic 
is shifted to the right, and its upper bend in the saturation re- 
gion is shifted more to the left (Fig. 11.7) than in the case shown 
in Fig. 11.6. 

The operation of the limiter under such conditions is more ef- 
ficient. The positive peaks are flattened by both grid current and 
the anode bend. 

Two limiter stages are used where a stronger limiting action is 
essential. i 


Review Questions 


l. What current controls the grid bias in a grid-leak limiter? 
2. Why are the anode and screen-grid supply voltages brought 
down in a grid-leak limiter? 
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60. The Frequency Detector (Discriminator) 


Frequency detection is the process of removing the intelligence 
(the a.f. signal) from an FM wave. This is done by a circuit 
called a frequency discriminator. The FM signal reaching the 
discriminator is converted into an amplitude-modulated signal, 
which is then detected by an ordinary amplitude detector. 

The simplest method of converting an FM signal into an AM 
signal is based on staggered tuned circuits (Fig. 11.8). 

Assume that the resonant frequency of the final i.f. amplifier 
differs from the carrier frequency of the incoming signal by a 
value exceeding the maximum frequency deviation Af, (wave- 
form a). . 

Then, as the signal frequency varies with respect to the carrier 
frequency by + Af (waveform 6), the voltage across the tuned 
circuit will change by + AV, (waveform c). 

Waveform d shows the amplitude-modulated r.f. signal obtai- 
ned by the conversion process. Applying this wave to the usual 
amplitude detector, we obtain an a.f. signal. 

Practical discriminators mostly use centre-tuned circuits (the 
Foster-Seeley discriminator) or ratio detectors. 

The Foster-Seeley Discriminator. The circuit of this discrimi- 
nator is shown in Fig. 11.9. 

As is seen, the primary of the double-tuned transformer con- 
nected as the anode load of the limiter is coupled to a centre- 
tapped secondary, and both are tuned to resonate at the centre 
frequency of the i.f. amplifier. The signals developed by the two 
halves of the secondary are rectified by a push-pull detector 
ordinarily using a double diode. The audio-frequency output is 






Fig. 11.8. FM detection by stag- (b) 
ger-tuned circuits 


Amplitude of 
modulated signal 
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Fig. 11.9. Forster-Seeley discriminator 


equal to the difference between the voltages, V; and Vr, built 
up across R, and R,, the diode loads. 

As is seen, the voltage across each arm is made up of the vol- 
tage V, across RFC and half of the voltage across the secondary 
(V; or V3) 


Vi= V +V; 


The voltage V, across RFC is equal to the primary voltage 
because the left-hand end of the choke is connected for the r.f. 
through a coupling capacitor C, to the top terminal of the tran- 
sformer primary, and the right-hand end of the choke is connected 
to the lower terminal of the transformer primary through C,, 
common return, and a bypass capacitor Cy. 

The input voltages V; and Vi, are vectors and, in order to 
determine them, it is necessary to establish phase relationships 
between V, and V,, and V, and V} 

Consider the equivalent circuit of the transformer secondary 
and the vector diagram of voltages and currents at resonance 
(Fig. 11.10). Ey is the emf of mutual induction determined as 
the no-load voltage across L,. As will be recalled, an emf of 
mutual induction is opposite in phase to V, across the primary. 

The secondary current /, is in phase with Ey and builds up 
across L, and L7 the voltages V, and V} which are 90° out of 
phase with /,. V, and V, are equal and opposite with respect to 
the centre tap. As a consequence, V, is in quadrature with V, and 
V. When the signal frequency differs from the centre frequency 
the transformer will not be at resonance, and the phase shift be- 
tween the vector voltages will be other than 90°. 
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Fig. 11.10. Equivalent circuit 

of the transformer secondary 

and vector diagram of voltages 
and currents at resonance 





Vector diagrams of voltages acting in each arm of the push-pull 
detector are shown in Fig. 11.11. Vector diagram a holds for an 
unmodulated wave, when the frequency ‘deviation Af=0O, and, 
consequently, when the tuned circuits are at resonance. In this 
case, the total voltages V, and V,, are equal and build up equal 
voltages across R, and R,. The output voltage is equal to the 
difference between these voltages and is zero. 

Vector diagram b holds when the frequency deviation is po- © 
sitive, + Af, and diagram c when the frequency deviation is 
negative, —Af. In both cases the transformer is off resonance 
and the phase shift between V, and V, is greater or smaller 
than 90°. This upsets the equality between V, and V,, and bet- 
ween the output voltages across the diode loads, so that an 
audio-frequency voltage appears at the output. The amplitude of 
this voltage is proportional to the maximum frequency deviation © 
of the input signal. 

The Ratio Detector. Present-day FM receivers widely use a 
discriminator cfrcuit known as the ratio detector. The main ad- 
vantage of the ratio detector is that it does not respond to any 
amplitude variations in the i.f. signal. As a result, it permits 
the elimination of a limiter stage in the FM receiver. 

As compared with the Foster-Seeley discriminator, the ratio 
detector has its diodes connected in opposition, and the detector 


2 , 
A y” A 
7 
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Fig. 11.11. Vector diagrams illu- 
strating detection of FM signals (@) Œ) () 


204 RADIO RECEIVERS 
Ce 





Fig. 11.12. Ratio detector 


output voltage is developed across a load resistor common to 
both diodes (Fig. 11.12). 

The arm voltages V; and Vy, in the ratio detector are similar 
to those in the Foster-Seeley circuit, and the phase-shift diagrams 
for that discriminator also hold for the ratio detector. 

When the i.f. signal is at its centre frequency (no frequency 
modulation), the transformer secondary is at resonance, the arm 
voltages V; and Vy; are equal (Fig. 11.11la), and the currents 
through the diodes are /,=/,=TI/. Since, however, the diodes 
are connected in opposition, these currents cancel out in the load 
resistor R,, the voltage across R, is zero, and no signal is applied 
to the audio amplifier. 

When the i.f. signal is above or below the centre frequency 
(frequency modulation), the arm voltages are unequal (Fig. 11.110 
and c), and different currents are flowing through the diodes. In 
one diode, the current goes up by A/,, while in the other it 
goes down by A/J,=— A/,. Thus, the diode currents are 


L =+], 
I,=1—Al, ao 
where / is the diode current when the i.f. signal is at its centre 


frequency. 
The current through R, is the difference between the diode 
currents 


[j= hy—ly=1+Al,—14- Al, =Al, + Al, =2A1 


As is seen, it is decided by the sum of the increments AJ, and 
Al, proportional to the amplitude of the a. f. signal. 
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Fig. 11.13. Frequency response 
of frequency discriminator 





The a.f. voltage appearing across R, is applied to an audio 
amplifier. C, and C, provide bypasses for the r.f. around Rg. 

Consider the limiting action of the ratio detector. R, and R, 
are diode loads in the respective arms and are bypassed for the 
a.f. by C, and C,. 

If C, and C, are chosen sufficiently large, the voltages across R, 
and R, will remain practically constant with time. Under the 
circumstances, the operating angle 6 of the linear detector and, 
as a consequence, the voltage transfer factor will be functions of 
the incoming signal amplitude. For low-amplitude signals K4 will 
increase; for high-amplitude signals the operating angle 0 will 
increase and K, will decrease. The result will be a marked re- 
duction in the effect of parasitic amplitude modulation on the 
output signal. 

The operation of the discriminator is additionally explained 
by the characteristic shown in Fig. 11.13. The output voltage 
equal to the difference between the voltages across R, and R, is 
laid off as ordinate, and the frequency deviation as abscissa To 
minimize non-linear distortion in FM detection the linear part 
of the characteristic should exceed the double amplitude of the 
frequency deviation 2Af nmax 


Review Questions 


1. What circuit element may be used instead of the r. f. choke 
in a frequency discriminator? 

2. What is the phase angle between /, and V, and V; in the 
vector diagram of Fig. 11.11? 

3. What type of distortion will occur in a frequency discri- 
minator if the operating region exceeds the linear portion of the 
frequency response? 
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4. Which characteristic of a frequency discriminator will be 
affected by an increase in the gradient of its frequency res- 
ponse? 


SUMMARY 


l. The FM wave is an r.f. wave whose amplitude is constant 
but whose frequency changes in accordance with the audio-fre- 
quency modulating signal. 

9. The main advantage of FM receivers is their freedom from 
noise and interference. 

3. FM receivers are intended for operation in the VHF band 
and their r.f. circuits have a broad bandwidth. 

4. FM receivers are mainly superheterodyne sets with a limi- 
ter and discriminator added to their circuitry. 

5. The limiter eliminates amplitude variations in the incoming 
signal caused by interference and other factors. The limiter is 
usually the final stage of the i.f. amplifier. 

6. The discriminator converts frequency-modulated signals into 
amplitude-modulated signals which are then detected. 








CHAPTER XII 
RECEIVER CONTROLS 


61. General 


One of the conditions for good reception is the constancy 
of the voltage or power fed to the terminal component (loud- 
speaker, relay, etc.). 

Variations in the receiver output voltage may be caused by 
a number of factors. Some of them are external to the receiver. 
Other factors originate within the receiver. 

External factors affect the input voltage. The voltage reaching 
the receiver input, other conditions being equal, depends on the 
power of the transmitting station, the distance from the trans- 
mitter, and the conditions of radio wave propagation. The higher 
the power of the transmitter and the closer it is located to the 
receiver, the higher the field intensity will be at the point 
of reception and the greater the voltage reaching the input of 
the receiver. 

The effect of the distance from the transmitter is particularly 
noticeable in mobile radio stations. As an aircraft flies away 
from its base, the field intensity decreases. The effect of the 
distance is very noticeable in the VHF band because the field 
intensity is inversely proportional to the square of the distance. 

In the HF and VHF bands the field intensity depends greatly 
on the conditions of radio wave propagation. Fading, frequently 
observed in the HF band, can change the field intensity at the 
reception point within broad limits. In a receiver designed for 
reception of weak signals, an increase of hundreds or even 
thousands of times in the input voltage might overload the 
radio-frequency stages, detector, and particularly, audio-frequency 
stages, giving rise to considerable non-linear distortion. 

The internal factors causing variations in the output voltage 
of a radio receiver are as follows: 

(1) variations in the voltage gain of the aerial-input circuit; 
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(2) variations in the gain of the r.f. amplifier with frequency 
and between bands; 

(3) imperfect tracking (misalignment) of the local oscillator 
circuit and the circuit tuned to the signal frequency; 

(4) local-oscillator frequency drift in operation; 

(5) unstable supply voltages. 

Variations in the local-oscillator frequency change the inter- 
mediate frequency. If the intermediate frequency were shifted 
outside the bandwidth, the gain of the i.f. stages would sharply 
decrease and the distortion would greatly increase. 

In modern receivers, the local oscillator is gang-tuned along 
with the aerial-input circuit and r.f. stages. Therefore, alignment 
of the local oscillator to secure the requisite value of the 
intermediate frequency might detune the circuits tuned to the 
signal frequency. This would inevitably decrease the voltage 
gain and the stage gain of the r.f. amplifier. 

To eliminate or minimize these factors, the receiver must 
incorporate circuits to control the gain by varying receiver sensi- 
tivity within certain limits. 

In some cases, in addition to controlling receiver sensitivity, 
it is necessary to vary the bandwidth of the receiver. 

For reception of telephone signals, the bandwidth must be at 
least 6 to 8 kilohertz. In telegraphy, it is sufficient to have 
a bandwidth of two or three kilohertz. If it were made broader, 
noise due to external sources would increase and the stability 
of the channel would be lowered, particularly when receiving weak 
signals. Therefore, when changing over from telephony to tele- 
graphy, the bandwidth of the receiver should be made narrower. 

In broadcast receivers, it is frequently necessary to vary the 
bandwidth at the higher or lower frequencies of the audio signal. 
This control makes it possible to change the tone of sound 
reproduced by the loudspeaker. 

Thus, for normal operation of the receiver, it must incorporate 
the following controls: 

(1) receiver sensitivity control; 

(2) bandwidth control; 

(3) local-oscillator frequency control. 

These types of control may be either manual or automatic, 
or both. 

Automatic control is usually used in the early stages of the 
receiver, while manual control is resorted to in the succeeding 
stages. Automatic control should not follow manual control, 





RECEIVER CONTROLS 309 


because the effect of manual control in the preceding stages will 
be minimized by automatic control in the succeeding stages of 
the receiver. 


Review Questions 


1. What is the purpose of controllable gain in receivers? 

2. Why should stages with automatic gain control precede 
those with manual control? 

3. When may manual control prove insufficient? 


62. Manual Gain Control 


Manual gain control is employed in the radio-frequency circuits 
(before the detector), and in the audio-frequency circuits (after 
the detector). Gain control before the detector helps to avoid 
overloading the detector and r.f. stages by strong signals. 

Manual gain control in the r.f. stage is performed by varying 
the grid bias voltage (Fig. 12.1). To effect gain control within 
wide limits, the stage should employ a variable-mu valve. The 
current characteristic of a variable-mu valve has a long tail (the 
portion within the negative values of grid voltage), so that cut- 
off occurs later, or is said to be remote. By varying the bias 
voltage it is possible to vary the mutual conductance at the 
operating point of the valve within wide limits and, consequently, 
the stage gain 

K = Ema 


Figure 12.2 shows the anode-grid characteristic of the 6KIIT 
screen-grid remote cut-off pentode (US equivalent, 6K7). As the 
bias voltage is varied from —2 to —20 volts the mutual con- 
ductance is decreased from 1.55 to 0.05 milliampere per volt, 
i.e. to 1/31th of its original value. 


Fig. 12.1. Receiver gain control 
by varying grid bias 
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~ 





Fig. 12.2. Dependence of 

anode current and mutual 

conductance of 6K1II valve Èr- 
on grid voltage g 


Manual gain control in the audio-frequency section is usually 
performed at the detector output, i.e. at the input to the first 
stage of the audio-frequency amplifier (Fig. 12.3). This protects 
the first i.f. stage and all the following ones from overloading 
by strong signals. 

It should be noted that ordinary volume control attenuates 
all audio frequency equally, and the fidelity of sound reproduc- 
tion is considerably impaired. This is explained by the fact that 
the sensitivity of the human ear to sound waves at different 
frequencies rises with the loudness of sound. When the loudness 
is decreased, the human ear becomes insensitive to the higher 
and, particularly, the lower audio frequencies. Sound reproduction 
will be natural only when the loudness is the same at the micro- 
phone and at the speaker. 

To improve the fidelity of reproduction at all levels of loud- 
ness, radio receivers employ so-called compensated volume control 
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Fig. 12.8. Compensated volume control with a single compensation network 


(also called loudness control) which simultaneously adjusts the 
loudness and the frequency response of the audio-frequency am- 
plifier. A simple circuit for compensated volume control with one 
compensation network is shown in Fig. 12.3. When the potentio- 
meter is set at point a, the compensating network has practically 
no effect on the frequency response, because R, has a conside- 
rably higher value than the resistance between points b and c. 
Therefore, at this setting of the potentiometer, i.e. at the higher 
sound level, the frequency response is flat. As the potentiometer 
moves from point a to point b, decreasing the sound level, the 
resistance between points b and c has a growing effect on the 
frequency response. At point b, the voltage taken from the 
potentiometer will be directly proportional to the resistance bet- 
ween b and c. Owing to the compensating RC-network the resistance. 
between bc increases as the frequency decreases, and the frequency 
response goes up in the low-frequency region. Further adjustment 


Fig. 12.4. Manual gain control at the detector output in a transistor receiver 
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Fig. 12.5. Manual gain cont- 
rol between the stages of the 
a.f. amplifier 


of the potentiometer from b to c does not change the frequency 
response. 

In transistor receivers, manual gain control is provided either 
at the detector output or between the stages of the a.f. amplifier. 
While in valve receivers manual gain control consists in bringing 
down the a.f. voltage applied to the grid of the a.f. amplifier 
valve, in transistor receivers this is done by varying the current 
in the input circuit of the a.f. amplifier. The gain control cir- 
cuit should be arranged so as not to affect the values of the d.c. 


supply voltages. 
Figure 12.4 shows a circuit for manual gain contro! at the 


detector output. 

Figure 12.5 shows a simple circuit for manual gain control 
between the stages of the a.f. amplifier. 

The methods of gain control discussed above are effective only 
when the operator has time to follow changes in receiver opera- 
tion. If the incoming signal sharply changes in amplitude due 
to fading or when tuning from one station to another, the ope- 
rator is frequently unable to provide adequate compensation. 
This is where automatic gain control comes in. 


Review Questions 
1. List methods of manual gain control in the r.f. amplifier. 
2, Can manual gain control use the same methods in the a.f. 


amplifier as in the r.f. amplifier? 
3 List methods of manual gain control in transistor receivers. 
4. What is the purpose of compensating networks in loudness 


control? 
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63. Automatic Gain Control 


Automatic gain control (abbreviated AGC) is a method (and 
also a circuit) of automatically obtaining a substantially constant 
output despite a variation in the signal amplitude at the input. 

To give automatic control of gain, a voltage proportional to 
the amplitude of the carrier of the incoming signal is fed back 
to the r.f. amplifier, frequency changer, and i.f. amplifier in 
such a way that the gain is reduced when the amplitude of the 
received signal increases, and vice versa. 

This voltage is developed in the detector stage or in a sepa- 
rate stage immediately following the i.f. amplifier. 

The following types of AGC are mainly used: 

(1) normal (or simple) AGC; 

(2) delayed AGC; 

(3) amplified AGC. 

A circuit for normal (or simple) automatic gain control is 
shown in Fig. 12.6. The d.c. component of the voltage appearing 
across the detector load resistor is applied through R,C, to the 
grid of the valves in the stages covered by AGC. Thus the 
negative grid bias voltage of these valves is made up of AGC 
bias voltage and the d.c. voltage taken from the detector load. 

As the amplitude of the incoming signal increases, the d.c. 
voltage across the detector load and the negative grid bias of 
the controlled valves increase. The greater the amplitude of the 
signal, the higher the negative bias and the greater the reduc- 
tion of the gain. As a result, the amplitude characteristic of 
a receiver with AGC ceases to be linear (Fig. 12.7). 





Fig. 12.6. Simple AGC 
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Fig. 12.7. Amplitude characteristic of 
a radio receiver with simple AGC 


The filter R,C, and other filters connected in the grid circuit 
of the controlled stages decrease parasitic inter-stage coupling 
and prevent demodulation which might occur in AGC circuits 
employing no filters. 

If there were no filter, the grid circuit of each stage would 
accept a d.c. negative voltage along with an audio-frequency 
voltage opposite in phase to the envelope of the modulated 
signal. 

“Then an increase in the amplitude of the modulated signal 
would cause an increase in the control voltage; this would una- 
voidably reduce the maximum amplitude of the modulated signal. 
With a decrease in the amplitude of the modulated signal (the 
amplitude of the carrier frequency remains unchanged), the control 
voltage would decrease and the gain of the receiver would go 
up. Thus, the effective depth of modulation would be lower. 

The demodulation effect may be eliminated by increasing the 
time constant of the filter. If the time constant is sufficiently 
large, the filter capacitor will have no time to discharge as the 
voltage across the detector load varies (which happens at the rate 
of the audio-frequency), and the control voltage will depend only 
on the amplitude of the carrier. 

The time constant of the filter R,C, in broadcast receivers is 
0.05 to 0.2. If the time constant were made greater the circuit 
would lag behind the changes in the amplitude of the carrier 
caused by fading. 

A major disadvantage of simple AGC is the decrease in stage 
gain in the presence of both strong and weak signals, which fact 
impairs the receiver sensitivity. This is easily eliminated by 
delayed AGC. 

Delayed AGC operates on practically the same principle as 
simple AGC. The only difference is that the development of the 
AGC voltage is delayed until the signal exceeds a certain value. 
For this purpose, the normal AGC circuit is interrupted by a 
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thy 
AGC G Re 
Fig. 12.8. Delayed AGC circuit 


second diode which accepts both the r.f. signal and a negative 
d.c. delay voltage. 

Figure 12.8. shows one of possible delayed AGC circuits. 
The left-hand diode of V, is used to detect the incoming signals, 
while the right-hand one provides automatic gain control. 

The r.f. voltage applied to the anode of the second diode is 
taken from the primary of the i.f. output transformer, i.e. directly 
from the anode of the i.f. amplifier valve. 

The anode circuit of the AGC detector contains a load resis- 
tor, R}, and a filter network, R,C,. The cathode circuit contains 
R, of a voltage divider connected to the common supply source 
of anode voltage. The polarity of the voltage drop produced 
across R, is shown in Fig. 12.8. 

In the absence of a signal, the anode of the second diode is 
negative to the cathode. The cathode potential is equal to the 
voltage drop across R, and is called the delay voltage Eq. 
The value of this voltage depends on the operating conditions of the 
main detector. In absolute value, the delay voltage must be equal 
to, or greater than, the amplitude of the r.f. wave necessary for 
normal operation of the main detector. If, for instance, the receiver 
detector and all the following stages are so designed that, during 
reception, the detector must be supplied with a voltage of at 
least 2 volts,.the delay voltage at the anode of the second diode 
must also be at least 2 volts. If the incoming signal has a lower 
amplitude, the resultant potential at the anode of the second 
diode will be negative and there will be no anode current flowing. 
There will be no current flowing through the load resistor R, and 
the grid circuits of the controlled valves will receive no additional 
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Fig. 12.9. Amplitude characteristic of 
a radio receiver employing delayed AGC 





negative bias. When the amplitude of the incoming signal exceeds 
the delay voltage, the anode of the AGC detector will become 
positive, a current will flow through its load resistor, and a ne- 
gative AGC voltage, Vage will be built up across this resistor. 
The value of the AGC voltage is given with sufficient accuracy by 
Vage= V—Ea 
where V is the signal voltage amplitude at the detector; and E, 
is the delay voltage. 

Thus, the gain is automatically reduced only on signals 
exceeding the normal operating voltage of the detector. 

The amplitude characteristic of a radio receiver employing 
delayed AGC is shown in Fig. 12.9. When weak signals are being 
received, AGC does not function and the amplitude characteristic 
is linear (portion OA). Past point A the amplitude characteristic 
becomes curved. The departure of the characteristic from a straight 
line depends on the number of controlled stages and the value 
of the negative voltage applied to the grids of the controlled 
valves. 

As already noted, the r.f. voltage in the circuit of Fig. 12.8 
is fed to the AGC detector anode from the primary and- not the 
secondary of the i.f. output transformer. If the AGC detector were 
connected to the secondary, its Q-factor would be considerably smaller 
than the Q of the primary because it would be shunted by the input 
resistances of the two detectors, and the filter would be unbalan- 
ced. When the detectors are connected to the two sides of the 
i.f. transformer separately, the symmetry is upset but slightly. 

To plot the amplitude characteristic of a radio receiver with 
AGC, it is necessary to know the total gain of all the stages up 
to the detector for each value of the input voltage. The gain of 
each controlled stage depends on its anode load resistance and 
mutual conductance. 

It is not difficult to prove that the total gain of a receiver 
up to the detector is proportional to the product of the mutual 
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conductance of each valve 
Kiota = KK, eases Kun = Bn Roe, XE m Roe, ss ‘Bn, Roe, T Agm Em, = ‘En, 


Thus, the shape of the amplitude characteristic depends on 
changes in the product of mutual conductances. 

The amplitude characteristic is computed as follows. An arbitrary 
value of AGC voltage V,,, is assumed, and the effective mutual 
conductance is found at the operating point of each valve. After 
this the product of mutual conductances and the change in gain, 
as compared with the original gain, are determined. 

A few words should be said about power supply for, and the 
tuning of, receivers with AGC. 

AGC will be improved if the circuit does not use self-bias. 
Bias for the grids of controlled valves should preferably be taken 
from a common voltage divider. 

If self-bias were used, the bias voltage would depend on the 
valve current. As the negative voltage at the grid of the control- 
led valve were increased, the anode current and the voltage across 
the self-bias resistor would be reduced. As a result, the effective 
value of the AGC voltage would be decreased. 

Nor is it advisable to feed the screen grid voltage through 
separate dropping resistors. A decrease in control grid potential 
would bring down the screen grid current. The voltage drop 
across the dropping resistor would go down, and the screen grid 
voltage would rise. As a result, the mutual conductance of the 
valve would increase. Thus, in this case, too, the effect of the 
AGC voltage would be minimized. 

It is best to feed the screen-grid voltage either from individual 
voltage dividers or from a divider common to all screen grids. 

As to the tuning of receivers with AGC the main difficulty 
lies in the fact that a small amount off tune will only distort 
and not reduce the signal in strength, and sharp tuning is thus 
hard to obtain. This is because the reduction in gain off tune is 
made up for by the effect of the AGC voltage. 

Sharp tuning in receivers with AGC is facilitated by tuning 
indicators. The most popular among them is an electron-ray tube, 
called the “magic eye”. This is a combination of a triode and 
simplified cathode-ray tube. The target of the CRT section is 
given a coating of a phosphor, a fluorescent material which 
gives off fluorescence when bombarded by electrons. 

The indicator circuit is shown in Fig. 12.10. The target is 
connected to the positive side of the power supply directly and 
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Fig. 12.10. Circuit for a “magic eye” 


the triode anode, through a high-value resistor R. Therefore, the 
anode is always at a lower potential than the target. The triode 
grid is held at a variable negative direct potential applied through 
R,C, from the anode load of the detector. When no signal is applied, 
the triode grid is at zero potential, and a considerable current 
flows in the anode circuit, bringing down the anode potential. 
As this happens, the potential of the ray-control electrode con- 
nected to the triode anode, placed in front of the target, will 
also decrease. When it is at low potential the ray-control ele- 
ctrode forms a broad shadow pattern on the target, that is, an 
area not illuminated by electrons as they are deflected by the 
ray-control electrode. 

When a signal appears across the detector load, a negative 
voltage will be present at the triode grid. The anode current in 
the triode will decrease and the anode potential increase. This 
will in turn cause the shadow pattern on the target to contract. 
When the receiver is tuned exactly to resonance, the maximum 
negative voltage is developed across the detector load, and the 
width of the shadow is a minimum. 


Review Questions 


1. Why is AGC used in the r.f. and i.f. stages? 

2. Can AGC be used in the a.f. stages? 

3. What determines the number ofstages that can be covered 
by AGC? 

4. What is the effect of AGC on receiver sensitivity? 

5. Does AGC affect the reliability of radio communication? 


RECEIVER CONTROLS 319 


64. Bandwidth Control 


With bandwidth control it is possible to increase the selec- 
tivity of the receiver, to lower the noise level and to vary the 
tone reproduced by the loudspeaker. The bandwidth can be 
controlled in the i.f. and a.f. stages. Usually it is controlled 
manually. In some cases automatic control is used; it automa- 
tically narrows the bandwidth when the interference level becomes 
high. 

Bandwidth control in the i.f. stages involves variations in 
the resonance properties of the i.f. transformers either by varying 
coupling between the tuned circuits or by shunting one of the 
tuned circuits with a resistance. 

With capacitive coupling between the tuned circuits, the 
bandwidth is controlled by varying the coupling capacitance. 
With inductive coupling, the bandwidth is controlled by varying 
the distance between the coils. In some cases, band switching 
is used instead of continuous bandwidth control. In band switch- 
ing, an additional coupling coil is introduced into the tuned 
circuit. A band switching circuit is shown in Fig. 12.11, where 
a wider band is obtained by connecting in the secondary tuned 
circuits additional coils L, coupled to the primary tuned circuits, 
so that interstage coupling is increased. 

Bandwidth control in the audio-frequency stages is based on 
changing the frequency response of these stages. In this case, 
the bandwidth is controlled either by connecting reactive com- 
ponents affecting the frequency response into the circuit, or by 
using feedback in anti-phase with the signal, or by employing 
audio-frequency filters with a limited pass-band. 

Figure 12.12 shows one of the most commonly used circuits 
for reducing the bandwidth at the higher frequencies. The band- 
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Fig. 12.12. Bandwidth control 
in the high-frequency range 





width at the higher frequencies is controlled by a network, Rew 
and Cy», connected in parallel with the anode load. 

At a low value of R,,,. the capacitance C,,, produces a con- 
siderable shunting effect in the high frequency range, and the 
frequency response in that range drops sharply. With an increase 
in R,» the shunting action of C,,, decreases, the frequency 
response in the high-frequency range flattens, and the bandwidth 
broadens. 

Figure 12.13 shows the frequency response of a stage with 
different values of Ryw. 

In the circuit of Fig. 12.14 bandwidth control is effected by 
variations in the voltage gain 6 and the phase q, of the feedback 
circuit. The capacitance of C,,, is so selected that the impedance 
of CrwRpw at the audio frequencies is considerably higher than 
R,, and the negative feedback signal is comparatively low. 

As the frequency increases, the reactance of C,, and the 
impedance Z,,, are decreased. This results in an increase in the 
feedback factor and the phase shift approaches 180°. Thus, the 


K 





0 F 
Fig 12.15. Frequency response of an Fig. 12.14. Bancwidth 
amplifier with various values of Row control by means of nega- 


tive feedback 
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stage gain at higher frequencies is smaller than at lower fre- 
quencies. 

When the setting of the potentiometer R, is reduced, the 
factor B is decreased and the frequency response is flattened in 
the high-frequency range. . 

In the extreme lower position of the potentiometer the ampli- 
fier has the broadest bandwidth. 


Review Questions 


1. How can the bandwidth be controlled in the r.f. stages? 

2. Can the bandwidth in the i.f. stages be controlled conti- 
nuousl y? 

3. How can the bandwidth be controlled in the a.f. stages? 

4. Can the bandwidth be controlled by varying the capacitance 
of the bypass capacitor in the self-bias circuit? 


65. Automatic Frequency Control 


As we know, the intermediate frequency f; in a superheterodyne 
receiver is the difference in frequency between the signal and the 
local oscillator 

` fi = fo— fs 


Variations in any of the two frequencies change the intermediate 
frequency and detune the i.f. stages. This would inevitably 
reduce the power output of the receiver and decrease the relia- 
bility of radio communication. 

As a rule, the signal frequency of broadcast and other statio- 
nary radio transmitters is sufficiently stable. But the frequency 
of the local oscillator in the receiver can vary within conside- 
rable limits with time (frequency drift). 

These variations in the frequency of the local oscillator can 
be eliminated by an automatic control. With automatic frequency 
control (abbreviated AFC), any variations in the local-oscillator 
frequency from a value necessary for obtaining the intermediate 
frequency are compensated automatically. The block diagram of 
a receiver with AFC is shown in Fig. 12.15. 

The AFC circuit comprises a frequency discriminator and a 
reactance-valve stage connected to the tuned circuit of the local 
oscillator. The frequency discriminator develops a direct voltage 
proportional to the deviations of the intermediate frequency from 
its assigned value, and in opposite polarity. 


11—487 
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Fig. 12.15. Block diagram of 
a radio receiver with automa- 
tic frequency control (AFC) 





The reactance-valve stage, which accepts the ‘frequency-correc- 
ting voltage’ from the discriminator, brings the local oscillator 
back to the desired frequency. 

In a reactance-valve circuit, the anode is coupled to the grid 
of the same valve in such a way that the voltage fed back into 
the grid circuit is nearly 90° out of phase with the alternating 
anode voltage. With such feedback, the valve thus acts as 
a variable reactance. 

Whether the reactance valve acts as a variable inductance or 
` as a variable capacitance, depends on how feedback is coupled in. 
Consider operation of the reactance-valve circuit. Fig. 12.16a 
- shows one of the most commonly used reactance-valve circuits. 
The anode of the reactance valve accepts a direct voltage and 
an r.f. signal. Part of the r.f. voltage is fed through the feed- 
back circuit C,,R,, to the grid. 

The values of Cy, and Rp, are so selected that the following 
condition is satisfied at all frequencies 


wp > Ry (12.1) 


As a result, the current in the feedback circuit will lead the 
r.f. voltage applied to the anode by approximately 90°. Since 
the feedback voltage applied to the grid is taken from R,, it 
will be in phase with the current in the feedback circuit, and 


SS 





(a) Ø) 


Fig. 12.16. Reactance valve acting as a variable capacitance. Vector diagram 
of currents and voltages acting in the circuit 
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the alternating anode current will be in phase with the voltage 
applied to the grid. 

The vector diagram of the voltages and currents in the circuit 
is shown in Fig. 12.166. As is seen, the anode current vector /, 
leads the anode voltage vector by approximately 90°. Thus the 
output impedance of the valve 

V 
Zout = 54 12.2 
out Fa ( ) 
is capacitive in its effect. In other words, the valve acts as a 
variable capacitance. 

Determine the relation between the equivalent output capacitance 
of the reactance valve and the parameters of the circuit and valve. 

The alternating anode current mainly depends on the grid voltage 
and the mutual conductance of the valve 


a= EnV , (12.3) 
The grid voltage is 
V= Roln (12.4) 
The current through the feedback circuit is 
p= — r = 12 = jol, (12.5) 


Substituting (12.4) and (12.5) in (12.3), we obtain 


I= 1GmV aR ool ys 
Therefore 
a gM and Wiese oN ae mel 
ot la iZm R oC pV a oC R fo&m 
The product C Rp8gm has dimensions of capacitance; let it be 
called the equivalent capacitance C,, such that | 
Ceg — C oR fom =T 8m (12.6) 


Thus, the output impedance Z,,, of the valve is capacitive in 
its effect: while: the equivalent capacitance C,, depends on the 
time constant of the feedback circuit and the mutual conductance 
of the valve. 
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Fig. 12.17. Reactance valve acting as a variable inductance and the associated 
vector diagram 


Consider another reactance-valve circuit (Fig. 12.17a). In this 
arrangement, the feedback circuit consists of Ry, and Cp. The 
blocking capacitor C, and the grid-leak resistor R, perform auxi- 
liary functions in the circuit and have little effect on the character 
and value of feedback. 

The values of C and Ry, are so selected that the following 
inequality is satisfied at all operating frequencies: 


1 
R> aay 


A vector diagram of the voltages and currents acting in the 
circuit is shown in Fig. 12.170. 

The feedback current vector I, slightly leads the anode 
voltage vector. The vector of the grid voltage taken from Cy, 
lags behind the current by 90°. The anode current vector /, 
is in phase with the grid voltage vector V,. It is not difficult 
to see that the anode current vector lags behind the anode 
voltage vector by nearly 90°. Thus, the output impedance of 
the valve is inductive in its effect, that is, the valve acts as 
a variable inductance. It may be shown that the equivalent 
inductance L,, is given by 


CoRfo yb 
1 on om 
Consequently, the equivalent inductance L,, is directly propor- 


tional to the time constant of the feedback circuit and inversely 
proportional to the mutual conductance. 





L 
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Fig. 12.18. Receiver circuit with AFC 


The equations derived for the equivalent capacitance and 
inductance of the reactance valve suggest the most convenient 
method for controlling the frequency of the local oscillator. The 
anode circuit of the reactance valve should be connected to the 
tuned circuit of the local oscillator. The latter will produce 
a composite signal whose frequency will vary in accordance with 
the bias on the reactance valve. The bias can be taken from the 
output of the discriminator. 

Fig. 12.18 shows a suggested AFC circuit. The i.f. voltage 
from the anode tuned circuit of the valve V, is applied to the 
input of the discriminator D employing semiconductor diodes. 

When the intermediate frequency deviates from its assigned 
value, a d.c. voltage, proportional to the deviation appears across 
R, and R,. This voltage is injected into the grid circuit of the 
reactance valve V,, connected into the circuit of Fig. 12.16. As 
already shown, the valve V, in such a circuit acts as a variable 
capacitance. 

The anode circuit of the reactance valve V, is connected to 
the local oscillator via a coupling capacitor C,. That is the 
equivalent capacitance of the reactance valve is, in effect, con- 
nected in parallel with the tuned-circuit capacitor of the local 
oscillator. 

The discriminator circuit must be arranged so that when the 
if. frequency decreases, the potential at point a goes 

negative. ; 
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Suppose that heating causes an increase in the total capacitance 
of the local oscillator. This entails a decrease in the frequency 
of the local-oscillator signal. As the local-oscillator frequency 
goes down, the intermediate frequency also goes down 


_— fi=fo—Ts 


As a result, the discriminator develops a negative ‘frequency- 
correcting’ voltage across ab. 

The negative grid bias on the valve increases, reducing the 
mutual conductance at the operating point and the equivalent 
capacitance C,, of the reactance valve. Accordingly, this decreases 
the total capacitance of the tuned circuit, and the local-oscillator 
frequency and the i:f. are restored to their assigned values. 

AFC not only restors the intermediate frequency when the 
local-oscillator frequency drifts, but also eliminates all inaccu- 
racies in local-oscillator alignment. The latter feature is important 
-in push-button-tuned receivers and when the tuned circuits of 
a multi-band superheterodyne receiver are not tracking perfectly. 


Review Questions 


1. How can the reactance valve be replaced in an AFC cir- 
cuit? . : 

2. Does AFC affect the reliability of radio communication? 

3. Is AFC necessary in receivers with a crystal-controlled local 
oscillator? . o i 

4. Does the bandwidth of the i.f. amplifier affect operation 
‘of the AFC circuit? l 


SUMMARY 


1.. For normal operation, receivers incorporate circuits for control 
of sensitivity or gain, and bandwidth. 

2. Receiver sensitivity may be controlled manually or auto- 
matically. . . 

3. Automatic gain control is performed in the stages preceding 
the detector by varying the mutual conductance of the valves. 

4. Manual gain control is usually performed in the receiver 
. detector, i.e. at the input of the audio-frequency amplifier. 
_ 5. Bandwidth control may be, effected in the i.f. and a.f. 
stages, T l ' , 
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6. Bandwidth control makes it possible to decrease interference 
and to vary the tone reproduced by the receiver. 

7. The intermediate frequency of a radio receiver can be 
maintained constant by automatic frequency control (AFC). 

8. For its operation, the reactance-valve stage in the AFC 
system depends on variable reactive feedback. 


CHAPTER XIII 


CALCULATION 

OF SUPERHETERODYNE RECEIVERS 
OPERATING 

ON LONG, MEDIUM AND SHORT WAVES 


I 


66. General 


The present chapter deals with the procedures for calculation 
of communication and broadcast AM superheterodyne receivers 
operating on long, medium and short waves. 

A receiver design is based on specifications. However, the 
specifications are not sufficient to formulate all the requirements 
that the receiver should meet. Therefore, the design procedure 
involves preliminary and final calculation. 

Preliminary calculations include approximate selection of the 
receiver circuitry and determination of variables necessary for 
the calculation of each stage. 

Final calculations include the computation of the individual 
stages of the receivers. 

The design procedure ends with the calculation of the overall 
characteristic of the receiver and drawing up its circuit diagram 
complete with components lists. l 

The design specifications of a receiver include the following: 

1. Application of the radio receiver and type of installation. 

2. Type of operation (telephony, telegraphy). 

3. Frequency range, frfr 

4. Number of bands and maximum-to-minimum frequency 
ratio of the band. 

5. Lowest sensitivity, in microvolts. 

6. Adjacent-channel selectivity, that is, the attenuation of 
adjacent-channel signals d (in db) at Af kilohertz off resonance. 

7. Image response d;„ in db 

8. I.f. interference response d;; in db. 

9. Type of terminal load (earphones, loudspeaker, printer, 
etc.), and its impedance. 

10. Power output P,,, in watts or output voltage V, in volts 
and the limit of non-linear distortion y in per cent. 
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11. Modulating-frequency range F,-F, in hertz. The highest 
modulating frequency F, simultaneously characterises the sideband 
of the radio frequency section of the receiver (AF = F,). 
12. Frequency distortion M (in db) of the receiver at the 
highest modulating frequency F,. The value of M characterises 
total frequency distortion of the entire receiver. 
13. Requirements for manual and automatic gain control. 
Different types of manual and automatic control may be incor- 
porated in the receiver according to its expected application: 
(a) Manual bandwidth control is employed in telephone-teleg- 
raph communication receivers and broadcast sets. 
(b) AGC is specified in terms of range of control as follows: 
with the input voltage varying a times, the output voltage should 
change not more than B times. This type of control is used in 
most modern receivers. 
(c) AFC is specified in terms of the AFC factor. 
14. Aerial parameters (resistances and reactances). 
For long, medium and, partly, short waves, a typical aerial 
used with stationary receivers is assumed to have an effective 
height H,,=4 m; ra = 25 ohms; L,=20 microhenrys; and C ,=150 
to 300 picofarads. 
15. Phono-jack sensitivity. It is specified only for broadcast 
receivers in which provisions are made for record playing. 
16. Types of valves. 
17. Reliability requirements, especially for vehicular installa- 
tions. 
18. Type of power supply and limits of power consumption, 
especially for battery-powered receivers. 
19. Tuning indication. In broadcast receivers this is done by 
a “magic eye”. Some communication receivers employ pointer-type 
tuning indicators. 
20. Mechanical requirements: 
(a) overall dimensions; a 
(b) protection from atmospheric exposure and pressurization; 
(c) shock-mounting; 
(d) controls, 
(e) adaptability to mass production. 

21. Safety requirements. 
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67. Preliminary Calculations 


As part of preliminary calculations, the number of bands is 
determined (if it has not been specified in advance) and also the 
limiting frequencies of the bands, the number of stages, types 
of valves and the number of tuned circuits are decided upon. 
The suggested procedure of preliminary calculations is as fol- 
lows. 

Choice of the Number of Bands. The specified frequency range 
has usually to be broken down into bands when the variable 
capacitor cannot cover it with a single fixed tuned-circuit induc- 
tance. 

Normally, the ratio of the highest to lowest frequency within 
a range (or band) for which the same coil and tuning capacitor 
can be used, K, or K,, is 1.2 to 3. 

If K, is greater than three, the frequency range should be 
divided into bands of an equal f, to f, ratio. 

Circuit Configuration for the R.F. Section. This is done 
in agreement with the specified values of sensitivity, band- 
width, adjacent-channel selectivity, and image response, which 
are strongly affected by the value of the intermediate frequency. 
peo of the intermediate frequency is explained in Chap- 

er IX. 

‘Choice of the Number of R.F. Tuned Circuits. This is usually 
controlled by the specified image response. The effect of these 
tuned circuits on the bandwidth of the receiver should also be 
considered. The tentative number of tuned circuits n may 
be one from the image response d for a single tuned cir- 
cuit. 

Thus, in the 150-1,600 kilohertz range, d will be: 

25-40 db at {;=465 kilohertz; 

20-30 db at f;= 110-115 kilohertz; 

In the 1,600-15,000 kilohertz range, d will be: 

10-25 db at f;= 465 kilohertz. 

To determine the final number of tuned circuits it is necessary 
to find their Q and check the found number of tuned circuits 
against its value. 

The Q is determined from the following considerations: 
ai From the consideration of image response d,,,. Using Eq. 

.18) 








dim = | Qe, (otis ) |" leah 
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we get 
di mio 
; fot 2f; 
Ce Rote 
fo fo+ 2f: 


In the short-wave range, where 2f, < (0.1 —0.15) f,, the factor 
fot hi ot 1, and it may be neglected. Then the eaten tor Qes 
takes a simpler form 

V dim 
Qa = RE fo 
fo fot 2f; 

The value of Q,, should be determined for the highest frequ- 
ency of the band, where the resonance curve of the tuned circuit 


is flat-topped most. 
2. From the considerations of bandwidth and frequency dis- 


tortion Mx. This quantity is the ordinate of the resonance curve 
at the limit of the bandwidth. 
For n tuned circuits this ordinate is 


T) 


_ After some manipulations the Q,, is found to be 


Qi, =! nin V 1— VMR = Me 


2AF Ym 


The frequency distortion should be 0.6 to 0.8 in the long-wave 
band from 2,000 to 750 metres (150 to 400 kilohertz); if n=2, 


Mx =0.8. 
In the band extending from 500 to 2,000(or 3,000) kilohertz, 
M K =0.7 to 0.9. In the short-wave band (above 3,000 kilohertz), 


Mx =0.9 to 0.95. 
The Q:; should be calculated for the bandwidth 2AF such that 


2AF È 2 (AF spec TAa t Aa 








Yar=Mx= 
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where 2AF spec is the specified bandwidth; Afi, is the tracking- 
error limit which should be 10-20 kilohertz for short waves 
and 1-5 kilohertz for medium and long waves; Af, is the ex- 
pected drift of the local-oscillator frequency. 

Assuming that variations in the local-oscillator frequency are 
five to ten parts in ten thousand, we have 


f,=(0.5 to 1)x107*f, 


From the values of Qep and Qp, found from the considerations 
of image response and bandwidth, the final value of Q., is found 
from the following inequality: 


Qir > Qes > Qer (*) 

With this Q,, the resonance curve will be sharper than is re- 
quired for the specified image response, but not so broad as is 
necessary for the bandwidth 2AF. 

If the Qj; happens to be less than the Qep, it is necessary to 
begin with a value of Mx which is smaller than the former value 
and to find a new value of Q;;. If the condition (*) is not satis- 
fied in this case either, the number of tuned circuits n should 
be increased. 

The obtained Q must be realizable. As a guide, for tuned 
circuits using air-core coils wound with single-conductor wire, 
the Q-factor will be from 25 to 50. For tuned circuits using fer- 
rite-core coils or coils wound with Litz wire, it is possible to 
obtain a Q of 50 to 100. In tuned circuits with gap-free cores, 
the Q can be 250. 

After this, the adjacent-channel selectivity is determined from 


the Q, ;: e 
s=] +G Qer) | 


In the short-wave region, d’ is clos to unity. 
Then the actual frequency distortion is determined for one 
tuned circuit: 





l 


Myne 
y = ( Qe, 28") 
fo min - 
Frequency Distortion. The limits of frequency distortion 


specified in terms of M must be distributed between the r.f., 
i.f., and a.f. sections of the receiver. ; 
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Since the frequency separation is comparatively narrow (not 
more than 10 kilohertz for leng, medium and short waves), it 
should be assumed that the frequency distortion of the audio- 
frequency section may be 1 to 2 db. 

The frequency distortion of the r.f. and i.f. sections M,, is 


Muy db — Mav— May db 


The obtained value of M,, should be distributed between the 
r.f. and i.f. sections. 

For the incoming-signal (radio) frequency section, i.e. the aerial 
input circuit and r.f. amplifier 


M,, = (M x)" 


where M, is the frequency distortion of a single-tuned circuit. 


The frequency distortion of the i.f. section, 
Mn; 
Miz = Mz 


or, in decibels: 
M;i; db — Mus ab — My db 


The frequency distortion should be distributed in each band. 

Number of I.F. Transformers. [n most receivers for long, 
medium and short waves, the i.f. amplifier and the frequency 
changer employ double-tuned bandpass filters as i.f. transformers. 
The number of such filters is determined on the basis of the 
desired adjacent-channel response and specified bandwidth of the 
receiver. 

The calculation should provide a margin of 15 to 20 per cent 
in response, in case the selectivity should be impaired by im- 
perfect tracking of the tuned circuits. Besides the adjacent-channel 
selectivity of the r.f. tuned circuits should be taken into consi- 
deration 

(1.15 to 1.2) ds nec 
ey ae 
where d,,,, is the specified adjacent-channel selectivity. 

Receivers most frequently use two or three i.f. transformers, 
one in the frequency changer and two in the i.f. amplifier. It 
is rare practice to use a single i.f. transformer in the receiver. 

Some help in fixing the number of i.f. transformers can be 
had from Table 13.1. 
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TABLE 13.1 
ainol aaa a a a 
Bandwidth Adjacent-channel Number of 
2AF, kHz selectivity d, db transformers m 
20-24 2 
10 
25-28 3 
26-30 2 
8 
30-38 3 
30-35 2 
7 
36-45 3 
oe E EEO 
35-40 2 
6 
40-60 3 








a Ė———— 


Table 13.1 holds for tuned circuits with a Q of less than 12ọ, 
an intermediate frequency of 465 kilohertz, and a frequency 
distortion of 0.6 to 0.7 at the i.f. 

The value of m is selected from Table 13.1 for the specified 
bandwidth 2AF and adjacent-channel selectivity. 

Number of Stages in the R.F. Section. This is found from 
the sensitivity V, m;n such that the i.f. voltage at the detector 
input will provide for linear detection. In this case, the best 
choice is diode detection. The normal operation of a diode 
detector is obtained when the i.f. voltage applied to its input 
is V,=2 to 5 volts. 

It ‘should also be remembered that in receivers with a sensi- 
tivity of 300 to 400 microvolts, the value of V4 is from 1.5 to 2 
volts. In highly sensitive. receivers, using a “magic eye” or another 
type of tuning indicator, V,;=3 to 5 volts. 

The overall gain of the r.f. and i.f. sections taken together 
should be 

» _ Va 
Kat 7 Vs min 
Allowing a gain margin of 25 to 40 per cent, we have 
Ky = (1.25 to 1.4)Kaz 
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Once the necessary gain of the r.f. section, the number of r.f. 
tuned circuits n and the number of i.f. transformers m are known, 
the number of stages that will secure such amplification can be 
decided upon. 


TABLE 13.2 
a a ee 
Gain, K 
eee 
Circuit or stage long and me- short fi=110 to 
qian waves waves fi=465 Hz 115 kHz 











— oo a aaa 


Aerial-input circuit -4 
One r.f. stage 20-40 


one 
ge 
N œ 


-25 es is 
15-40 20-30 
50-150 100-140 


Frequency changer — 
One i.f. stage — 


nena S 


Table 13.2 gives approximate values of gain in the various 
circuits from which we can find the gain Kas 


Kus = KinK,y iape (Ki; dape 


As already noted, the number of r.f. tuned circuits n rarely 
exceeds 2. If n=1, there is no r.f. amplifier, and a single-tuned 
circuit is connected to the receiver input. If n=2, then, as a 
rule, one stage of r.f. amplification is used along with a single- 
tuned aerial-input circuit. 

It should be noted that in some cases two r.f. tuned circuits 
may be arranged as an r.f. transformer. 

The obtained value must satisfy the following condition: 


Krys Kn 


In cases where Ky, is 30 to 50 times Ky,, it is necessary to use 
valves of low mutual conductance and tuned circuits with a smal! 
value of R,, in the final design of the i.f. amplifier. 

If K,, is smaller than Ký, at least in one of the bands, it is 
necessary to use valves of high mutual conductance. In cases 
where insufficient amplification calls for an additional stage, 
it is recommended to increase the number of stages in the 
i.f. amplifier. When only a single-tuned circuit is used at the 
input, it may be worth while to incorporate an untuned r.f. 
amplifier into the receiver. 

Circuit Configuration for the A.F. Section of the Rece- 


| iver. 1. Select circuit configuration and type of valve for the 
| final stage, so as to obtain the specified power output, P 


out: 
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2. Determine the number of stages and types of valves for 
the voltage amplifier so as to secure the necessary voltage gain 


Ver 

Ky ~ Vin min 

where V,,=drive voltage to be applied to the grid of the final 
stage to obtain the specified power output 

= minimum input voltage to be applied to the grid 
of the first a.f. amplifier valve. 

The drive voltage V,, is given by 

lta/ 2PR, 
p a 





V 


in min 


Vg f = 
where a is the load factor which is 2 to A for triodes, and from 


0.1 to 0.15 for beam tetrodes and pentodes; P = out is the 


power output of the final valve; and 1, is the output transformer 
efficiency, which is 0.8 to 0.9. 

For a Class A push-pull power amplifier the computation is 
performed for one arm of the circuit and one-half of the power. 

The value of Vin min depends on the expected application of 
the receiver. For communication receivers 

Vin min KaVa 
where K, is the voltage gain of the diode detector, equal to 
0.6-0.8, and V, is the voltage at the detector input, whose 
value is given in (2) of the present section. 

For radio-gramophones the value of Vin min İS decided by the 
sensitivity of the gramophone pickup. A crystal pickup develops 
a voltage of 0.5 volt, while an electromagnetic unit, 0.15-0.25 
volt. The minimum voltage developed by the pickup gives the 
value of Vin min 

Having determined K,, we can now determine the number 
of stages in the voltage amplifier and the types of valves to be 
used in the receiver. 

With a push-pull power amplifier there must be a transformer 
or phase-inverter stage. 

The phase-inverter may use two or one valve with a split 
load. In the former case, each arm has the same gain as an RC- 
coupled stage using the same valve. In the split load circuit, 
the gain of one arm is 0.8-0.9. 

3. The frequency distortion of the audio-frequency section (M,,) 
is divided between the voltage amplifier (Mya), power amplifie: 
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(Mpa) and detector (M4) 
Mas av = Moa db + Mpa ao t Ma db 


It should be noted that the power amplifier introduces a greater 
distortion than a voltage amplifier emloying an RC-coupled 
circuit. 

From the preliminary design, a complete block diagram of 
the receiver may be drawn up. 


68. Final Calculations 


In this phase of design procedure, the stages of the selected 
circuit configuration and the selectivity characteristics of the 
receiver are computed. The point of departure is the specifica- 
tions and the values obtained in preliminary calculations. 

The following procedure may be suggested: 

Determine the parameters of the r.f. tuned circuits. 
. Calculate the aerial coupling to the tuned circuit. 
. Calculate the radio-frequency amplifier. 

. Calculate the intermediate-frequency amplifier. 

. Calculate the frequency changer. 

. Calculate and plot the selectivity characteristic. 

. Calculate the diode detector circuit. 

. Calculate the AGC circuit. 

. Calculate the audio-frequency power amplifier. 

10. Calculate the audio-frequency voltage amplifier. 

11. Datermine the power consumed by the radio receiver. 

Since the procedures for calculation of the various stages have 
been discussed in the preceding chapters, the present section 
will deal only with the parameters of the r.f. tuned circuits 
-and the selectivity characteristics. 


COON MD oe WN = 


Calculation of the R.F. Tuned Circuits 
(Aerial-input Circuit and R.F. Amplifier) 


Given: (from preliminary calculations) 


1. Frequency band, f,,-f;. 

2. Q, of the loaded tuned circuit. 

3. Band factors, X, (maximum-to-minimum frequency ratio 
within each band). 
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To Find: 
1. Capacitance range, C minCmaxı Of the variable capacitor. 


2. Capacitance of the trimmer capacitor, Cy. 
3. Tuned-circuit inductance. 


Design Procedure: 


1. Select a variable capacitor to secure the specified minimum 
and maximum capacitances. For communication receivers operat- 
ing in a single-frequency range refer to Table 13.3. 


TABLE 13.3 
aT C ine 
ue | Oma | DE" 
up to 300 450-700 12-25 
300- 1,500 250-500 10-15 
1,500- 6,000 150-250 8-12 
6,000-30,000 50-150 6-10 


For multi-band broadcast receivers it is best to use standard 
gang tuning capacitors. 

2. Find the equivalent capacitance C,, necessary for obtaining 
the required value of the band factor K, 


C max — K$ C min 
C= TKI m 
The obtained value of C,, must be positive and lie between 
20 and 70 picofarads. If this value is exceeded, another gang 
capacitor should be used. 
3. Find the capacitance of the trimmer 


ar E e E A 


where Ceg is arbitrarily chosen to be 25 to 40 picofarads for 
long and medium waves, and 15 to 20 picofarads for short 
waves. The obtained value is rounded off to the closest stan- 
dard value. 
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4. Find the tuned-circuit inductance for each band 
2.53% 100 f2—7? 
C max —C min fa ff 


where L is in microhenrys, C in picofarads and f in kilohertz. 
5. Find the Q of the unloaded tuned circuit 


L= 





The Q is one of the starting points for the construction of the 
coil. In the long-wave range, the Q may be so low that it may 
be difficult to build a coil. In this case, the Q of the coil should 
be brought down deliberately by connecting a resistance either 
in series or in parallel with the tuned circuits. 

Calculation and Plotting of the Selectivity Curve. The selectivity 
of a receiver is calculated as the product of selectivity responses 
(ordinates) of the respective response curves of the aerial-input 
circuit, r.f. amplifier, frequency changer and i.f. amplifier. 

In view of the similarity between the aerial-input circuit and 
the r.f. amplifier, and also between the frequency changer and 
the i.f. amplifier, two resonance curves are needed at the incom- 
ing-signal frequency, and at the intermediate frequency. 

The resonance curves at the incoming-signal frequency for 
a receiver using an aerial-input circuit with a single-tuned circuit 
can be obtained by use of the equation: 


i= y EO) ee 


If the receiver also has an r.f. amplifier, the following equa- 


tion is used: 
_ 2Af y itat 
d= | 1+( fo Qer fo 

The selectivity curves of the entire receiver are obtained by 
adding together the values of d, and d, in decibels with the 
same amount, Af, off resonance at f, and f,, and tabulating the 
results. 

On short waves the value of d, in decibels, as measured at 0 
to 10 kilohertz off resonance, is nearly zero. Because of this, the 
overall selectivity curve merges with the resonance curve of the 
frequency changer and i.f. amplifier. 
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Resonance and selectivity curves should be plotted for the 
highest and lowest frequencies of each band; only one graph, 
for the highest frequency of the band, will suffice for short 
waves. The curves should preferably be plotted on a logarithmic 
scale, laying off selectivity as ordinate both in relative units and 
in decibels. 

When the logarithmic scale is used, divisions are made on 
each axis; these divisions correspond to the decimal logarithm of 
the attenuation. The attenuation is written against the divisions. 
A slide-rule scale may be employed for the logarithmic scale. 

Calculation of Power Consumption. The power consumed by 
the receiver must be calculated in order to determine the requi- 
rements for a rectifier or cells and batteries. 

1. Filament power: 

(a) with filaments in parallel 


Pp=E Up tlptlyst---) 
(b) with filaments in series 
P;=1;(En t Eg t Ert- + Ep bar) 


where E,= filament voltage in each valve 
Ey bar = Voltage across the baretter or dropping resistor 
l ,= filament current. 
2. Power consumed by the anode and screen grid circuits: 


Pa = Ea max (la + laz + e.’ +1 5.91 + I 5.99 + Is.g3 + +.) 
3. Total power consumption of the receiver is 
Ps =1.2(P,+P,) 


where the factor 1.2 takes care of the necessary power reserve. 


CHAPTER XIV 
RADAR RECEIVERS 


69. General 


By usage, the word “radar” applies to radio equipment and 
techniques used to detect the presence and to determine the 
distance (range) of objects (targets) by means of reflected radio 
waves. 

Radar systems operate in the microwave region, mostly in the 
decimetre and centimetre (UHF and SHF) bands. 

At these frequencies, qualitatively new mechanisms are at work, 
which limit the use of ordinary valves and tuned circuits. 

Among other things, vacuum valves are subject to “transit- 
time” effects, when the transit time of an electron is comparable 
with the period of the signal on the grid of a triode. 

As a result, the alternating component of the anode current 
tends to lag behind the phase of the grid voltage. The grid 
loses its control properties, and the valve no longer amplifies 
the signal. 

The inductance and capacitance of conventional tuned circuits 
in the microwave region are so insignificant that the physical 
dimensions of the circuits become comparable with the wave- 
length. Due to this, radiation of energy takes place, /R loss in 
tuned circuits increases, and the Q is sharply reduced. 

Obviously, the usual valves and tuned circuits cannot be used 
in the microwave region; special valves intended for this range 
only, and tuned circuits with distributed parameters are used 
instead. For example, in SHF radars, the local oscillators use 
klystrons which combine a valve and a tuned circuit in one unit. 

The maximum stable gain of receivers in the microwave region 
is also limited. 

So far we have specified receiver sensitivity in terms of the 
minimum input voltage required to produce a specified output 
voltage having a definite signal-to-noise ratio. 
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This concept is still applicable to VHF receivers, but in the 
UHF band and higher it can be seldom used. Instead, the con- 
cept of power sensitivity is introduced. 

The point is that a radar aerial, which is the signal source 
at the receiver input, is described in terms of effective area 
defined as the ratio of the maximum power dissipated by the 
load to the energy flux (power) density of the incident electro- 
magnetic wave. Hence, a meaningful definition of a signal at 
the receiver input is in terms of power and not of voltage. 
It is the power of the echo signal that decides the operating 
range of radar. 

There are effective power sensitivity and available power sensi- 
tivity. For their understanding, let us introduce a new quantity, 
the signal-to-noise power ratio, ap defined as 


Op = P; ontlPn out (14.1) 


that is, the ratio of the maximum power in the load of 
the aerial to the energy flux density of the incident wave. 
Obviously, a discernible response will be obtained only when 
P, ont is sufficiently above P,,o.;. The signal power just suffi- 
cient to produce such a response is the effective sensitivity of 
a radar receiver, P,,. 

However, no matter what we might do to improve the res- 
ponse, the inherent or irreducible noise will set a limit to the 
minimum value of a». For radar receivers with visual display, 
for example, the limit is a»>=1, when the input signal power 
is equal to the irreducible noise power. This is the available 
sensitivity of the receiver. 

Let us establish the relationships involved mathematically. 

When 

Gp=P pail? vost =! 
Eq. (10.6) for the noise factor reduces to 


PsP _ 
N Ps oat! Pn out PIP uv 


whence 
P,=NP,=P, min (14.2) 


where P, min symbolizes the minimum received (discernible or 
detectable) power. 

The noise source at the receiver input may be represented as 
a generator of voltage V,, and of internal resistance R, (that of 
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Fig. 14.1. Equivalent circuit of 
an aerial as a noise source 





the dummy aerial used) connected to the load input resistance R,, 
as shown in Fig. 14.1. As will be recalled (see Sec. 12), power 
transfer from source to load is a maximum when the load resi- 
stance (in our case, R;,) is equal to the generator resistance (in 
our case, R,), or 


Rinz=R,y 
Then the noise source, like any generator, gives a maximum 
power of V2/4R,, which is the available noise po wer 
P av 7 Va/4R; (14.3) 
Substituting the expression for Va from Eq. (10.1) in Eq. (14.3) 
gives 
__ 4kTRAAĵ 


IR, =kT Af (14.4) 
Substituting P,,, for P, in Eq. (14.2), we obtain 
P; min = NRT Af . (14.5) 


where Af is the effective bandwid th of the receiver, 2AF. 
Numerically, the effective power sensitivity P,, is a» times 
the available power sensitivity P, min 


Pet =apNkT Af (14.6) 


The sensitivity of radar receivers may be expressed either 
directly in milliwatts or in decibels relative to the one-milli- 
watt level. 

Depending on application and frequency range, the sensitivity 
of existing radar receivers is 107° to 10-"" milliwatts. By way 
of example, this power would be developed by a scale weight 
of 0.75 gram lowered at a rate of one millimetre per year. 

Decibels relative to one milliwatt shows what fraction of one 
milliwatt the input signal is. For example, an input signal 
power P,=10~* milliwatts expressed that way will be 


Ps aa = 10l0g,o (1/P,) = 10log,,10° = 80 db 


344 RADIO RECEIVERS 


p EE 


In the microwave region, the effect of external noise may be 
completely disregarded, and the available power sensitivity of 
radar receivers is decided by internal noise. This, coupled with 
the noisiness of conventional valve amplifiers, has led to the 
development of basically different types of amplifier, such as the 
travelling-wave valve type, parametric amplifiers, and quantum- 
mechanical amplifiers. 

There are three categories of radar systems: pulse, CW 
(continuous-wave), and coherent-pulse radars. The layout and 
arrangement of the circuits and components vary from type 
to type. 


Review Questions 


1. What electric quantity is used to specify the sensitivity of 
radar receivers in the SHF (centimetric) band? 

2. Which of the sensitivities is defined by the minimum received 
(detectable or discernible) signal power? 

3. Why can external interference be neglected in the microwave 
region? 

4. How will an increase in the bandwidth of a radar receiver 
affect its sensitivity? 


70. Pulsed-radar Receivers 


Pulse (or pulsed) radar, which has been the basic one for years, 
is used to detect the presence of various objects, such as aircraft 
or ships, for plan-position presentation, and some other purposes. 

In pulse radars, sharp bursts of radio energy are sent out. When 
these bursts, or transmitted pulses, encounter a reflecting object, 
they are reflected as discrete echoes which are detected by the 
radar receiver during the intervals between the transmitted pulses. 

The fact that the echoes are picked up during the intervals 
between the transmitted pulses makes it possible to use the same 
aerial for both transmission and reception. Separation of the pulses © 
in the aerial circuit is effected by a duplexer. 

Most often, the receivers for pulsed-radar systems are superhets. 
The first unit within such a receiver is a TR (transmit-receive) 
tube which is part of the duplexer serving to decouple the receiver 
automatically from the aerial during the transmitting period. 

The r.f. section of the receiver is arranged and uses the various 
stages according to the frequency of the received signals. In metric 
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(VHF) and decimetric (UHF) radars, the r.f. section contains an 
aerial-input circuit and an r.f. amplifier. In the UHF band, the 
aerial-input circuit and the r.f. amplifier use lighthouse tubes and 
resonant lines as the tuned circuits. At wavelengths shorter than 
25 centimetres the first stage of the receiver usually is a crystal 
frequency changer, while the local oscillator is a reflex klystron. 
Incidentally, this band may as well use “straight” (TRF) receivers 
with an r.f. amplifier built around a travelling-wave tube. The 
most commonly used arrangement of radar receivers operating in 
the centimetric (SHF) band is shown in the block-diagram 
of Fig. 14.2. In this band, r.f. energy is conveyed by means of 
coaxial and waveguide transmission lines which are mechanically 
coupled to the TR tube and the frequency changer. 

The i.f. amplifier usually has two separate sub-units, an i.f. 
preamplifier and a main i.f. amplifier. The reason for this separation 
is that the r.f. section of many radars, namely the magnetron r.f. 
pulse generator, the duplexer, and the mixer, is removed from the 
rest of the equipment to a distance of several metres, and the i.f. 
signal is fed to the i.f. amplifier over an r.f. cable. Both the crystal 
mixer and the r.f. cable attenuate the signal and introduce additional 
noise. If the signal were transmitted without preamplification, its 
Signal-to-noise ratio would seriously deteriorate. Provision of a low- 
noise i.f. preamplifier between the crystal mixer and the r.f. cable 
improves the signal-to-noise ratio at the input of the main i.f. 
amplifier and the effective power sensitivity of the receiver. 

The receiver also contains a separate AFC circuit. It has a 
mixer operating from the common local oscillator. The transmitter 


Aerial 





from. 
transmitter 
Fig. 14.2. Block-diagram of a pulse radar receiver using a separate AFC 
channel 
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Fig. 14.3. Expansion of periodic 0 ir. 
d.c. pulses into a Fourier series (b) 


signal is coupled into the AFC circuit through a power divider 
or an attenuator. From the mixer output, the signal goes to the 
AFC amplifier and then to a frequency discriminator. 

A very important aspect of radar-receiver design is the band- 
width. 

The bandwidth of a radar receiver is determined by the fre- 
quency spectrum radiated by the transmitter and by the level 
of internal noise. 

- The transmitted radio-frequency pulses are produced by ampli- 
tude modulation of the carrier with rectangular d.c. pulses. 

Figure 14.3a shows a train of such d.c. pulses. These “video 
pulses”, as they are called, may be represented as a sum of sinu- 
soidal and cosinusoidal components like any waveform. This is 
the statement of the Fourier theorem. If the waveform is repetitive, 
the components are discrete and may be represented as terms in 
a sum called the Fourier series. 

With the rectangular pulses shown in Fig. 14.3a we can simplify 
the computation by placing the waveform symmetrically about 
the zero time axis. Then the function becomes “even”, and all 
the sinusoidal terms reduce to zero, so that the Fourier series 
only contains the cosine terms: 


Yo = A, + A, cos Qt + A, cos 2Qt + A, cos 3Qt 


+...+A, cos nQt... (14.7) 
where A,=4d.c. component 
A,, A, As -- >A. „= amplitudes of the first, second, third and 


nth harmonics, respectively 
Q=2nF = angular pulse repetition frequency, equal 
to the first-harmonic frequency. 
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This series may be shown graphically. If we represent all the 
components of the series as cosinusoids and add them together, 
the resulting curve will reproduce the shape of the pulse being 
studied. The curve representing the sum of the first three com. 
ponents of the series (Fig. 14.36) approaches the rectangular 
pulses to a certain de_ree. 

In order to identify the part of the series (14.7) that contri- 
butes to acceptable reproduction of the pulse waveform, it is ne- 
cessary to analyse the relation between the amplitude A, of 
each harmonic and its frequency nF. This relation, A, = (nF), 
is called the amplitude spectrum of a rectangular video pulse 
and is described by the equation: TE 





A, =74 sin nt nF a (14.8) 


where A is the height of the pulse. ce 

Equation (14.8) is shown graphically in the plot of Fig. 14.4; 
As is seen, the amplitudes of the harmonics decrease sinusoidally 
with increasing harmonic order n and, consequently, -harmonic 
frequency nF. That is, the amplitudes of the harmonics rise and 
fall with alternation of the sign so that the zeroes of the spectrum 
occur at frequency intervals 


NTF =x, In, 3n, etc. 


corresponding to the following frequencies: 


l 2 3 
iam T Tp etc. | a 
Thus, the spectrum of a repetitive video pulse is not continuous 
but is a sum of discrete harmonics whose frequencies are multi- 
ples of the fundamental frequency F. 


Fig. 14.4. Amplitude spectrum 
of a repetitive rectangular video 
pulse, composed of discrete 
`... ., harmonics 
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Fig. 14.5. The spectrum of 
rectangular radio pulses 





It has been established that acceptable reproduction of a rec- 
tangular pulse will result if the bandwidth of the receiver 


extends out to the second zero of the spectrum 18 . 


For an insight into the spectrum of r.f. (radio) pulse, suppose 
that in addition to the carrier frequency f,, amplitude modula- 
tion causes each component of the video pulse of frequencies 
F, 2F, 3F, ..., nF to produce two side frequencies 


PoP: fp 2F3 fh 4&3BF; «5 fp nF 


Graphically, the spectrum of a radio pulse consists of two 
symmetrical halves, each representing the spectrum of a video 
pulse (Fig. 14.5). Thus, a radio pulse has a spectrum twice as 
wide as that of a video pulse. In other words, acceptable repro- 
duction of an r.f. pulse will be obtained if the receiver bandwidth 


is 2x42. That is, 
Tp 
2AF => (14.9) 
P 


Or, graphically, the bandwidth should extend out to the third 
zero of the spectrum. , 
Reproduction of the pulse waveform is not the only factor 
controlling the choice of the receiver bandwidth. An equally 
important consideration is that the noise level at the output 
increases and the effective sensitivity of the receiver decreases as 
the bandwidth is made broader. It has been proved that the 
highest signal-to-noise ratio at the receiver output is obtained 
with an optimum bandwidth given by 
9AF 1.37 


(14.10) 
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Fig. 14.6. Effect of bandwidth on the pulse shape and signal-to-noise ratio 


Research work has shown that the optimum bandwidth is 


2AF = (14.11) 


(MHz) (usec) 


depending on the shape of the resonance curve of the receiver. 

Figure 14.6 shows in approximate terms the effect the band- 
width has on the pulse waveform and the signal-to-noise ratio at the 
output of the receiver. The best signal-to-noise ratio is secured 
with the optimum bandwidth. In this case, the signal amplitude 
approaches that of a rectangular pulse. If the bandwidth exceeds 
its optimum value, the pulse waveform is improved, but the 
signal is more difficult to detect on the screen because of the 
higher noise level. With a bandwidth less than the optimum one, 
neither the signal waveform nor the signal-to-noise ratio meet 
the specified requirements. 

The bandwidth of radar receivers usually extends out to the 
fifth zero on the spectrum plot, or 


2A F=! to 5 
P 
depending on the intended application of a given radar system, 
In precision height- and distance-finding radars, the bandwidth 
is broader than, for instance, in early-warning radars. 





(14.12) 


Review Questions 


l. Is it necessary to use an i.f. preamplifier in receivers with 
an r.f. amplifier? 

2. Which frequency is controlled by AFC? 

3. Why is the frequency spectrum of a radio pulse twice as 
wide as that of a video pulse? 
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4. How does a decrease in the pulse duration affect the spectrum 
of the radio pulse? 

5. What should the bandwidth of a pulsed-radar receiver be 
to secure a maximum signal-to-noise ratio? 


71. CW Radar Receivers 


In CW (continuous-wave) radar systems, a continuous flow of 
radio energy is sent out. The reflected wave is distinguished from 
the outgoing signal by a slight change in radio frequency. This 
change in frequency can arise from the relative motion between 
the radar and the reflecting object (Doppler radar) or it may be 
imposed on the transmitted wave by frequency modulation 
(FM radar). 

Doppler radar uses what is known as the Doppler effect which 
consists in that motion of the target relative to the radar causes 
an apparent change in the frequency of the reflected wave by 


F =[,2u,/c (14.13) 


called the Doppler-shift frequency. In Eq. (14.13), f+ is the fre- 
quency of the outgoing signal, u, is the radial component of the 
` velocity of the target, and c is the velocity of light. As is seen, 
the Doppler-shift frequency is a function of the speed of the 
target and may vary within broad limits. l 

In a Doppler-radar receiver, this frequency is detected as a 
difference frequency (beats) at the output of a non-linear circuit 
(a detector) by mixing the reflected signal and the leakage signal 
(from the transmitter). . 

The appearance of a Doppler-shift frequency (usually as an audio 
output) points to the presence of a moving target in the area 
illuminated by the radar. The value of the Doppler-shift frequency 
gives a measure of the speed of the target. . 
= Doppler radar has many and varied uses. In contrast to it, 
FM radar is employed mainly in distance- and altitude-measuring 
systems. In FM radar, the radiated wave is frequency-modulated. 
The range (or altitude) is measured by beating the returning wave 
with the one being radiated. 

Frequency modulation is effected by causing the transmitted 
signal to sweep in frequency over a small range about the carrier 
value. The reflected wave retains the frequency with which it 
left the transmitter and returns to the receiver only after the 
frequency of the transmitter has changed by an appreciable amount. 
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This amount can be detected as a beat frequency and indicated 
aurally or otherwise, being proportional to the range (or altitude) 
of the target 


F,=4rAfF y/c (14.14) 


where Af is the swing of the modulating frequency, Fy is the 
modulating frequency, c is the velocity of light, and r is 
the distance of the target. 

FM radar can be used to detect and determine the range of 
fixed and moving targets. In the former case, the FM radar has 
found its widest use as an absolute altimeter for aircraft. In the 
latter case, the equipment develops both a range-shift and a 
Doppler-shift frequency, F, and Fa, so that both the distance 
and speed of targets can be conveniently measured. 

Since the transmitter and receiver of a CW radar are operating 
simultaneously and continuously, it is impractical to have a 
common aerial system. Usually two similar structures are used. 
As a result, the receiver does not incorporate a TR-tube, indis- 
pensable in the duplexer when a Single aerial is utilized for both 
transmission and reception. 

Figure 14.7 shows a block-diagram for a CW radar. The first 
mixer accepts the outgoing (leakage) signal of frequency /,, while 
the second mixer accepts the returning signal of frequency f, 
differing from f, by the Doppler-shift frequency F,. At the same 






D indicator 


Fig. 14.7. Block-diagram of a CW radar receiver 
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time, the two mixers are fed with the signal of frequency fe from 
klystron local oscillator. 

The difference frequencies, f+—fo and fi—fo + Fa appearing 
in the output of the two mixers are amplified in two i.f. ampli- 
fiers and are then applied to a detector, D. The output of the 
detector contains a difference frequency equal to Fa. The Dop- 
pler-shift frequency is then amplified by a Doppler-shift frequency 
amplifier, and is applied to a frequency-meter. There is also an 
AFC circuit to control the frequency of the local oscillator so 
that the difference frequency /;—f, is held unvarying. The AFC 
circuit comprises a discriminator and a control circuit. 

The arrangement shown in the block-diagram of Fig. 14.7 may 
also be used in FM radar equipments. 

The bandwidth of the output amplifier in Doppler radar recei- 
vers is decided by the range of Doppler-shift frequencies and 
may be from several to tens of kilohertz. The bandwidth of the 
rf. section in such a receiver is made broader by the frequency 
drift of the transmitter and local oscillator. 


Review Questions 


1. How does an increase in the speed of the target affect the 
Doppler-shift frequency? 

9. Why is the modulating frequency varied linearly in FM 
radar? 

3. What will happen to the frequency-meter if the AFC circuit 
were omitted from the receiver shown in the block-diagram of 
Fig. 14.7? 


72. Coherent-pulse Radar Receivers 


The coherent-pulse system is the basis of moving-target indi- 
cators (MTI) in which the display of radar information is limited 
primarily to moving objects. 

In fact, moving targets might be detected and ranged by the 
continuous-wave Doppler radar discussed in the previous section. 
However, the equipment involved would be prohibitively compli- 
cated. A way out is offered by the coherent-pulse method which 
is a combination of pulsed and Doppler techniques. 

When a moving target is illuminated with r.f. pulses, the 
Doppler-shift frequency cannot be directly detected as the diffe- 
rence in frequency between the outgoing and returning waves 
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Fig. 14.8. Block-diagram of a coherent-pulse radar receiver 


because the transmitted pulse is very short. Instead, one measures 
the phase shift between the returning pulse and the continuous 
wave generated in the receiver by a local oscillator. Thus, the 
signal of the local oscillator serves as a reference which is synch- 
ronized with the r.f. pulse generator. An oscillator whose phase 
is locked to the phase of another oscillator is called coherent 
(“Coho”), and the method is called coherent-pulse operation. 

A simplified block-diagram of a coherent-pulse radar receiver 
is shown in Fig. 14.8. The r.f. section comprises a receiver channel 
and the coherent-oscillator (Coho) channel. The former controls 
the phase of the returning signal, and the latter the phase of the 
reference wave, locked to the phase of the transmitter oscillator. 

The shift in phase between the outgoing and incoming signals 
is detected at an intermediate frequency which is obtained se- 
parately in the receiver and Coho channels. In the former, the 
i.f. is obtained by heterodyning the returning signal, and in the 
latter by heterodyning the leakage (transmitted) signal in the res- 
pective mixers, with the local wave furnished by a local oscillator. 

The coherent local oscillator, Coho, generates the intermediate 

frequency whose phase, as already noted, is locked to that of 
the r.f. pulse oscillator in the transmitter. 
- Owing to the difference in phase between the returning echoes 
and the steady output of the Coho, beats result in the output 
of the detector, with an amplitude dependent on the phase 
difference. 


12—487 
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It is important to note that the echoes from stationary and 
moving targets differ markedly. For stationary targets, the phase 
dfference is fixed, and the signal at the detector output will be 
steady. For moving targets, the phase difference is changing, and 
a rapidly fluctuating (amplitude-modulated) signal appears. 

In the arrangement shown in the block-diagram of Fig. 14.8, 
the echoes from moving targets are displayed as follows. The 
output from the detector is fed to a video amplifier, from which 
the output is divided between a delay line and a coincidence 
circuit. In the delay line, the output is stored for the duration 
of a pulse period and is reversed in polarity. In the coincidence 
circuit, the echoes from two sequential pulses are mixed. Those 
due to stationary targets cancel each other completely, while 
those due to a moving target will not be similarly cancelled, 
and are transmitted to the display. 


Review Questions 


1. Define a coherent signal. 

2. How is the phase shift detected in the coherent-pulse 
method? 

3. Why does the phase difference for moving-target echoes 
remain fixed? 


73. Microwave Valves 


For proper understanding of radar, it is essential to elucidate 
the factors limiting the use of conventional valves in the mic- 
rowave region. These factors, which may safely be neglected at 
the lower frequencies are parasitic energy-storage circuit elements, 
such as interelectrode capacitance and lead inductance, dielectric 
losses in the envelope and base, and finite transit time of ele- 
ctrons between electrodes. 

Let us dwell on lead inductance. As will be recalled, inductance 
is a property of single conductors and not only of coils. Treating 
an electrode lead as a straight conductor, its inductance is given by 


L=2l (in5—1 ) x107? microhenrys 


For example, a lead 1.5 centimetres long and 0.1 centimetre 
in diameter has an inductance of about 0.01 microhenry. 
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At lower frequencies, the inductive reactance X, of valve 
leads is so small as to be neglected. In the UHF band, X, be- 
comes considerably larger, as seen from the following numerical 
comparison: 

at f=3,000 kilohertz: 


X; = nfl = 6.28 x 3,000 x 10? x 0.01 x 107° =0.19 ohm 
at f=3,000 megahertz: 
X; = 2nfL = 6.28 x 3,000 x 10° x 0.01 x 107° = 190 ohms 


The role played by interelectrode capacitance and lead induc- 
tance can be understood from reference to the circuit diagram of 
an ordinary single-stage amplifier. Figure 14.9 shows only the 
inductance of the cathode lead, L, because the inductances of the 
other leads do not materially affect amplifier operation. The input 
to the amplifier is the circuit across og. This is, in effect, a vol- 
tage divider comprised of series-connected capacitive reactance 
Xz and inductive reactance X,. The actual voltage V,, applied 
between the cathode and grid will be determined by the ratio of 
these reactances. As the frequency increases, the capacitive reac- 
, tance X,, will decrease and the inductive reactance X, will 
increase, and the voltage applied to the grid will be considerably 
less than the input voltage V,. 

Putting C,,—=2 picofarads, then at f=3,000 kilohertz the 
capacitative reactance will be E 

l l 


er = Cn ~ 628x300x101 x2 x107 ~ 27 Ohms . 


Taking X, =190 ohms, the voltage applied directly to the 
grid will be V,,~0.15V,. At-a higher frequency, the valve 
input (gk) will be, in effect, short-circuited, and the valve will 


no longer act as an amplifier. 


Fig. 14.9. Circuit explaining the 
influence of cathode lead induc- 
tance upon operation of a valve © 
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Now consider the effect of the transit time of electrons. 

At the lower frequencies, including short waves, the period 
of oscillation applied to the grid is many times the transit time 
of electrons from cathode to anode. Therefore, a fast change in 
the grid voltage causes a similar fast change in the anode cur- 
rent. l 

As the frequency is increased, the period of oscillation beco- 
mes comparable with the transit time, and the anode current no 
longer follows the grid voltage instantaneously. 

The transit time of electrons in a valve is determined by the 
spaciņg between the electrodes and the voltages) at which they 
operate. Electrons travel through a valve with a varying speed. 
In the cathode-grid space, where the grid voltage is insignificant, 
the speed of electrons is comparatively low. Past the grid, the 
electrons travel with a much higher speed due to the relatively 
high screen-grid and anode potentials. Thus, the electrons spend 
most of their transit time on covering the cathode-grid space, 
and this time may be considered, with sufficient approximation, 
to be the transit time of electrons in the valve. 

For valves with cylindrical electrodes the transit time t can 
be determined from the equation 


-7 R 
t=0.255 x 1077 ——— 
VV, 


With a grid radius R=0.2 centimetre, and with a grid vol- 
tage V,=2.5 volts, the transit time is 








7 0.2 my -9 

Vas = 3.3x 107° second 
It is easy to calculate that a wavelength of 10 metres cor- 
responds to a period of T=33x10~° second which is ten times 
the transit time of electrons, and the anode current begins to 
lag in phase behind the grid voltage. 

With a wavelength of 1 metre, the transit time and the period 
of oscillation are equal. In this case the transit time is such that 
the electrons reach the grid out of phase (in reverse polarity), 
and are thrown back to the cathode. It is obvious that on this 
and even on slightly longer wavelength the valve loses its 
amplifying properties. 

The most important aspect of this transit-time effect is that 
it causes a decrease in the input-resistance of the valve. 


t=0.255 x 107 
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Review Questions 


1. How is lead inductance affected by an increase in lead 
diameter? 

2. Which space in a valve accounts for the greater part of 
the transit time? 

3. Why does the transit-time effect become more pronounced 
with decrease of wavelength? 


74. Input Resistance of Valves at Microwave Frequencies 


In Section 33 it has been shown that the input resistance of 
valves operating on long, medium and, partly, short waves and 
loaded into a resistance is close to infinity, so that the shunting 
effect of the valve on the tuned circuit of the preceding stage 
can be neglected. As will be shown shortly, in the microwave 
region the input resistance is low and, therefore, affects markedly 
the operation of the preceding stages. 

Let us examine the effect of the cathode lead inductance on 
the input resistance of the valve in the microwave region. To begin 
with, we plot a vector diagram, using the circuit of Fig. 14.9. 
We also assume that the anode load impedance is resistive: 
Z,=R. 

Noting the diagram of Fig. 6.16 (see Sec. 33), plotted for 
resistive load, we conclude that the grid current / g actually leads 
the grid voltage V,, by 90° (Fig. 14.10). 

If the total resistance of the anode circuit (R,+R) is many 
times the inductive reactance of the cathode lead X,, the anode 
current J, of the valve is resistive and is in phase with V k 
The voltage across the cathode-lead inductance V,, leads th 
anode current by 90°. The input voltage is 


V= / gr t Vro 


Fig. 14.10. Vector diagram for deter- 

mining the input resistance of a valve, 

taking into account the effect of cath- 
ode lead inductance 





358 RADIO RECEIVERS 


Fig. 14.11. Induction of current by mo- 
ving charges 





On the diagram of Fig. 14.10, the phase difference between V, 
and J, is less than 90°. Accordingly the resistive component of the 
grid current, / gr as a projection of the vector 7 gon the vector Ves 
has a finite value, and the input resistance R;„ ceases to be infinity. 

Consider the effect of the finite transit time on the input 
resistances of a valve. 

At the lower frequencies, it is convenient to think of the 
currents in the valve circuits as flowing only when electrons 
actually arrive at the electrodes. In the microwave region, one 
is forced to take into account so-called induced currents. 

According to the law of electrostatic induction, a point charge Q, 
located mid-way between two short-circuited plates (Fig. 14.11), 
induces in them similar image charges q,, qa, which are opposite 
in polarity to Q, and whose sum is 


lq. +921=|Q| 


When the charge Q is moved towards one of the plates, the 
value of induced charges changes: one increases while the other 
decreases. As a result, an induced current i; begins to 
circulate around the external circuit. 

Let us see how such a current is induced in the grid circuit 
of a valve (Fig. 14.12). 





6 o ' (b 
I w ) 


Fig. 14.12. Circuit and vector diagram for determining the input resistance 
of a valve, taking into account the transit time of electrons 
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When the grid is negative, the electrons flying between the 
grid wires induce electric charges on the grid. The electrons mov- 
ing from cathode to grid build up the induced charge on the 
grid, and an induced current is flowing in the grid circuit in 
one direction. As the electrons move from grid to anode, the 
grid charge decreases, and there appears an induced grid current 
flowing in the opposite direction. The resultant grid current is 
then the difference between these induced currents. 

With constant voltages across the valve electrodes, when the 
electron stream is the same at any. cross-section of the valve, 
the resultant grid current is zero because the induced current, 
caused by the electron stream flowing to the grid, will be equal 
to the induced current due to the electron stream leaving the 
grid. 

Consider the case where the grid accepts an alternating vol- 
tage of a frequency such that the transit time of electrons may 
be disregarded in comparison with the period of oscillation. The 
space charge at the cathode releases electrons as discrete sheets 
moving to the grid in step with variations in the grid voltage. 
Each electron sheet covers the cathode-anode space so rapidly 
that the instantaneous grid voltage has no time to change. As a 
result, the grid currents induced by each sheet of electrons 
approaching the grid and departing from it are equal, and there 
is no resultant grid current. 

At such a frequency it may be considered that the electron 
stream at any cross-section of the valve, from cathode to grid, 
remains in phase with the grid voltage. ; 

At microwave frequencies each electron sheet covers the ca- 
thode-anode space during a considerable part of the r.f. period so 
that the instantaneous grid voltage has time to change. Therefore, 
at each cross-section of the valve, from cathode to grid, the 
electron stream lags behind the grid voltage in phase. As the 
stream moves farther away from the cathode, the phase difference 
increases, reaching its maximum near the grid. 

To plot a vector diagram, consider the two electron streams 
shown by the arrows in Fig. 14.12a. Assume that the stream D,» 
approaching the grid, lags behind V, by an angle @,, equal fo 
the average phase difference in the cathode-grid space. The other 
stream, @,,, which is moving away from the grid, lags behind 
V, by an angle @, which is the same across the grid-anode region 
(the transit time of electrons from grid to anode can be neglected 
because of the high voltage applied to the anode). The angle , 
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represents the maximum lag of the electron stream right at the 
grid: P, > Qı: 

In the vector diagram of Fig. 14.12b, V, is the datum vec- 
tor. The current J, induced in the grid circuit (by the approaching 
electron stream ®,,) lags behind V, by q,. The stream ®,a de- 
parting from the grid gives rise to the grid current 7%, which 
lags behind V, by Q,. 

The resultant grid current is 


i=l el, 

As is seen from the diagram, J, leads V, by an angle smal- 
ler than 90°, which is another way of saying that there is a 
decrease in the resistance R;,. 

To sum up, the input resistance of a conventional valve ope- 
rating at microwave frequencies is reduced by both parasitic 
energy-storing circuit elements and the finite transit time. 

The input resistance of the valve is given by 

K 
Rin = je (14.15) 

Values of K for some of the Soviet-made valves are given in 

Table 14.1. In using the data of Table 14.1 and Eq. (14.15), 


R,, should be expressed in megohms and the frequency in me- 
gahertz. 





TABLE 14.1. 
Coefficient K, 

Valve type megohmsXMHz° 
ae 
6CiN, bantam triode 160 
6C5I, triode 200 
6H3I, bantam dual triode 200 
6H14I1, same 100 
6>K1T1, bantam screen-grid 70 

sharp-cutoff pentode 

6)K2T1, same 36 
6)K3I, same 37 
65K1B, same, miniature 62 


ee 


By way of example, Rin 


of the conventional 6K3 pentode 


is 5 megohms at f=2 megahertz (A= 150 metres). In this case, 
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the effect of R;, on the operation of the amplifier may be neglec- 
ted. If we increase the frequency to 200 megahertz (A = 1.5 metres), 
the input resistance will be R,,=500 ohms. With such values 
of the input resistance, valves of the conventional design cannot 
be used at microwave frequencies because the valve input would 
be almost short-circuited. Instead, special types of valves are used. 

In acorn and bantam valves the interelectrode capacitance is 
reduced because the electrodes are very small. The inductance 
of the electrode leads is decreased owing to the absence of valve 
bases, and also owing to the short and thick leads used in these 
valves. Their electron transit time is also reduced due to the 
closer electrode spacing. 

At frequencies higher than 500 megahertz special triodes with 
disc terminals are employed. These valves are known as disc-seal 
or lighthouse valves. An overall view and cross-section of such 
a valve are shown in Fig. 14.13. In this valve, the anode, grid, 
and cathode are brought out to discs sealed into, and separated 
by, glass cylinders. The discs fit onto lengths of coaxial lines 
used as tuned circuits. In this way, the grid-cathode and grid- 
anode capacitances are incorporated into the resonant circuit, and 
their stray effect is minimized. The same is true of the lead 
inductance which is insignificant with dise terminals. The elec- 
trode spacing is negligible. Disc-seal or lighthouse valves may 
be used at frequencies up to 3,000 megahertz. 
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Review Questions 


1. Why does a decrease in the input resistance of a valve 
show as a decrease in the phase angle between the vectors V, 
and /,? 

2. What features in valve construction minimize the transit- 
time effects? . 

3. How is the lead inductance minimized in disc-seal valves? 


75. Tuned Circuits of Radar Receivers 


The use of conventional tuned circuits consisting of inductors 
and capacitors in radar receivers is limited to frequencies under 
300-350 megahertz. In the decimetre and, even more so, the 
centimetre bands tuned circuits of a different kind have to be 
employed. Tuned circuits in which the capacitance C is lumped 
in a capacitor, and the inductance L in a coil, the so-called 
lumped-constant tuned circuits, are unsuitable. 

Let us see why such lumped-constant circuits cannot be used 
at microwave frequencies. 

The resonant frequency of a resonant circuit is given by 


and its Q factor, by 





As follows from these equations, an increase in frequency may 
be obtained by reducing the inductance or capacitance of the 
tuned circuit. However, it is more advantageous to reduce the 
capacitance, because this will improve the Q of the tuned circuit. 

The capacitance of a tuned circuit is made up of the capa- 
citance of the capacitor and the shunt capacitance C,, defined as 


Cs T C cat ae Cin -+ Ga 


where Ca = Valve output capacitance 
Cin =input capacitance of the next valve 
C,, =capacitance of the wiring. 
The minimum capacitance to which the tuned-circuit capa- 
citance can be reduced is C,. Further increase in frequency cannot 
be obtained by a reduction in capacitance; it is necessary to 
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decrease the inductance. The reduction in the coil inductance 
involves a reduction in the number of coil turns. With a wave- 
length of one metre the coil consists only of one turn. 

A circuit in which a physical capacitor is absent and the 
coil is represented by one turn is no longer a lumped-constant 
tuned circuit. The electromagnetic field in it is distributed over 
the entire tuned circuit, including the connecting wires along 
which small capacitances and inductances are distributed. The fact 
that electromagnetic energy is not limited to the coil and capa- 
citor, but is distributed along the entire circuit whose dimensions 
are comparable with the wavelength, results in electromagnetic 
radiation and in increased radiation-loss resistance. 

Thus, a decrease in the tuned-circuit inductance lowers the Q 
of the circuit, firstly, because the Q is directly proportional to 
inductance and secondly, due to an increase in radiation-loss 
resistance. This is why distributed-constant tuned circuits are used 
at microwave frequencies. Such tuned circuits are segments of 
parallel-wire transmission lines or coaxial lines. This type of tuned 
circuit has found wide application in the decimetre band and is 
used in the radio-frequency amplifiers and aerial-input circuits 
of radar receivers. 

Still better performance, particularly in the centimetre range, 
is offered by a special kind of tuned circuits known as cavity 
resonators. They are used on frequencies higher than 3,000 me- 
gahertz. 

A cavity resonator is a metallic chamber in which oscillating 
electromagnetic energy is generated and stored. By making the 
chamber of proper dimensions, it is possible to give the circuit 
a very high Q at microwave frequencies— thousands or even tens 
of thousands, which is much higher than that of tuned circuits 
using segments of coaxial lines. 

Cavity resonators owe their high Q to the absence of an 
external field and, as a consequence, reduced radiation loss. 

Cavity resonators are simple and robust in design, a factor 
enhancing their stability, although they come in a variety of 
shapes, such as toroids, cylinders, parallelepipeds and cubes. 
Radar receivers use cavity resonators in the aerial-input circuits, 
local oscillators and frequency changers. 

The resonant frequency of cavity resonators is determined by 
their shape, dimensions and method of excitation. At frequen- 
cies above 1,000 megahertz cavity resonators measure only several 
centimetres in length and width. 
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The resonant frequency of a cavity resonator can be changed 
with adjusting screws which protrude into the cavity, or by 
changing the shape of the cavity. | 

Electromagnetic energy is coupled in and out of cavity reso- 
nators by means of either coupling loops or probes. 


Review Questions 


1. What types of lines can be used as tuned circuits? 

2. Why do cavity resonators have a high Q? 

3. How can the resonant frequency be changed in cavity 
resonators? 


76. Aerial-input Circuits in the VHF and UHF Bands 


The choice of the aerial-input circuit for any frequency range 
is mainly decided by the amount of coupling of the aerial to 
the input tuned circuit. Let us see what factors determine the 
aerial coupling at microwave frequencies. 

The aerial-input circuit, being the first element of a radio 
receiver, controls the noise quality of the receiver more than any 
other stage. Therefore, the aerial-input circuit must, above all, 
secure a maximum signal-to-noise ratio. With loose aerial coupling, 
the signal-to-noise ratio is insignificant. With tight coupling 
approaching the optimum one the signal becomes a maximum, 
while the noise voltage remains almost unchanged. 

The noise voltage developed in the aerial-input circuit depends 
on its resonant resistance. For optimum coupling, the aerial 
resistance reflected into the tuned circuit must be equal to the 
resistance of the tuned circuit. Thus, the choice of coupling is 
governed by matching the aerial to the input tuned circuit. 
While on long, medium and short waves, simple untuned aerials 
are used, those for microwave frequencies are of the special tuned 
type, with energy transferred from them over transmission lines. 

In the VHF band, the transmission lines are of either the 
parallel-wire or the coaxial type. The high-frequency end of the 
VHF band and the UHF band use coaxial feeders. In the SHF 
band energy is conveyed from the aerial to the receiver by waveguides. 

The primary function of a transmission line is to convey r.f. 
energy with a minimum loss. One of the basic types of losses 
in transmission lines is that due to radiation. This loss occurs 
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Taput 
circuit. 





Fig. 14.14. Equivalent circuit 
of the aerial-input circuit 


only when standing waves are present. Hence, a very important 
aspect of transmission-line design is the reduction of standing 
waves, or provision of the travelling-wave mode. This is done by 
proper construction, termination, and adjustment of the line. 

To begin with, the line must be short. Next, it must be ter- 
minated into an impedance equal to its wave impedance. On 
the other hand, its input impedance should be matched to the 
output impedance of the aerial, so that 


Ra =P =R;n 


In selecting the configuration for the aerial-input circuit it is 
important to take into account the considerable shunting effect 
of the input resistance of the next stage, because it impairs the 
properties of the tuned circuit. Figure 14.14 shows an equivalent 
circuit for the circuits preceding the first receiver stage. The aerial 
is represented by a generator of emf E, and of internal resis- 
tance R4. The input resistance R;, and the input capacitance 
Cin of the next stage (valve amplifier or mixer) serve as the 
input-circuit load. 

The aerial-input circuit must be properly matched at both 
ends. The equivalent circuit shows only the resistance of the 
aerial, although in the general case it is an impedance. This 
simplification is acceptable when the resonant frequency of the 
aerial is equal to the frequency of the incoming signal (a tuned 
aerial). Under such conditions, the aerial reactance is zero. Even 
if these conditions are not fulfilled, the reactive component of 
the aerial impedance can be compensated for by adjusting the 
input tuned circuit. 

Let us determine the gain of a perfectly matched aerial-input 
circuit. l 

According to Eq. (14.3), the maximum power delivered by a 
generator to a matched load is 

Eh 


Pmax = (a) 
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The power delivered by the aerial will be dissipated by the 
effective resistance of the input tuned circuit R,, and the input 
resistance R,, of the next stage. Let the total load resistance, 
that is, the resistance of the tuned circuit shunted by Rin, be 
Rie Then 

y2 

S P nas = Ree (b) 
where V is the voltage at the circuit output (see Fig. 14.14). 

Equating (a) and (b) gives 


E%, y2 


4Ra = Rie (c) 
By definition, the voltage gain of the input circuit is 
V 
K =F; 


Noting Equality (c), the maximum gain of the input circuit is 
Knox V Re (14.16) 


The transmission line can be matched to the input curcuit by 
use of either transformer or tapped-coil coupling. The former is 
used with balanced transmission lines, the latter with unbalanc- 
ed coaxial lines. 

Transformer-coupled Aerial-input Circuits. Transformer-coupl- 
ed aerial-input circuits may have 

(a) an untapped secondary, 

(b) a tapped-down secondary. 


Balanced 
feeder 





@ Ú) 
Fig. 14.15. Input eircuits using transformer coupling 
(a) untapped secondary, (b) tapped-down secondary 
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A transformer-coupled circuit with an untapped secondary is 
shown in Fig. 14.15a. An electrostatic screen (shown by the 
dotted line) decreases the capacitive coupling between the coils. 
The inductance, L,, of the primary and the coefficient of coupl- 
ing k necessary for impedance matching are given by 


R 
P (14.17) 
DE . 


The Q of the input tuned circuit is the one determined by 
the loss resistance coupled in by the input resistance Rin of the 
next stage. At microwave frequencies, the coupled-in, or reflec- 
ted, resistance Ar is many times the tuned-circuit loss resistance 
r. Therefore, 


— P 
=a 
where 
Ar = p? 
Rin 
Hence, 
Rin 
Q= ri (14.18) 


This expression gives only the Q of the input tuned circuit 
without allowance for the resistance coupled in from the aerial 
circuit. At optimum coupling, the aerial circuit reflects the same 
value of resistance into the tuned circuit as the input of the 
next stage. Therefore, the loss resistance in the tuned circuit- 
doubles, and the loaded Q is halved 

Q Rin 
Qae (14.19) 

Eq. (14.19) may be used for determining the selectivity and 
bandwidth of the aerial-input circuit for optimum coupling. 

In accordance with Eq. (14.16), the maximum gain of the 
aerial-input circuit using untapped transformer coupling to the 
transmission line is given by 

l Rin 
K nax = 5 Ra (14.20) 
The resistance 
` RoeRin 


Ree = Rot Rg = Rin 
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because 
Rin <K Roe 


A transformer-coupled circuit with a tapped-down secondary 
is shown in Fig. 14.156. When the tuned circuit is coupled to 
the valve grid in this way the effect of R; and Cin on the 
input circuit is reduced. 

The new values of Rj, and Cin are related to their values in 
the previous case thus: 


1 Rin 
Rin= pe (14.21) 
Cin = PgC in 


where peep is the tapping-down ratio on the grid side. 


For such a circuit, the gain K at optimum coupling is given 
by Eq. (14.20). The loaded or effective Q, with allowance for 
the coupled-in resistance, is found from Eq. (14.19) 


Rin 
Qes = op 
Noting Eq. (14.21), we obtain 


Rin 
Qes pip (14.22) 
From Eq. (14.22) it follows that the effective or loaded Q of 
a tapped-down circuit may be considerably increased as compa- 
red with the untapped-down circuit by reducing the value of p,. 
The maximum gain is secured by matching k and pg. 
Example 14.1. Find the maximum gain and the effective Q 
of an aerial-input circuit for: R,=75 ohms, R,,=2,000 ohms, 
L=0.3 microhenry, and f=50 megahertz. 
. Solution. The maximum gain is 
l Rin _ 14 / 2,000 


K nax = Ra 2 =z = 2.6 


To find the effective Q, determine ọ: 
p = 2nfL = 6.28 x 50 x 10° x 0.3 x 107° =94 ohms. 
The effective Q for an untapped tuned circuit (p= 1) is 


Ti Rin _ 2,000 
Qen =p 72x4 = 10 
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For p,=0.5 


Rin 2,000 
Qer = ppo TxO.se xa = 40 

As is seen from Example 14.1, the effective Q can be varied 
within broad limits by adjusting Px 

Tapped-coil Coupled Input Circuit. The inner conductor of 
the coaxial transmission line (Fig. 14.16) is connected to a tap 
on the coil L, while the outer conductor is earthed. 

In this circuit optimum coupling is obtained by selecting a 
suitable tap on the tuned-circuit coil. As in the circuit of 
Fig. 14.15, the new value of R4 is related to its value in an 
untapped circuit as 


Ri =24 (14.23) 
PA 
where p, and is the tapping-down ratio of the coil on the 
aerial side. 
The maximum gain K,,, of the tapped-coil coupled circuit 


is found from Eq. (14.20). In this case the optimum tapping- 
down ratio is given by 


Be 
Pee VE (14.24) 


The effective Q,, of the loaded tuned circuit at optimum 
coupling is given by Eq. (14.19). : 

Aerial-input Circuit with a Resonant Line. The tuned circuit 
in the arrangement of Fig. 14.17 is a segment of a coaxial line 
a quarter of a wavelength long, short-circuited at the far end. 





Fig. 14.16. Aerial-input circuit Fig. 14.17. Aerial-input circuit with 
with tapped-coil coupling resonant line 
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The line input is connected to the grid circuit of the valve 
and, consequently, is loaded into R; and C;,. Coupling to the 
transmission line is by a coupling loop. 

Aerial-input circuits using resonant lines are employed . in 
UHF radar receivers. Physically, the aerial-input circuit in UHF 
radars is a self-contained unit consisting of a lighthouse valve, 
segments of coaxial lines of the input and anode tuned circuits. 

In the SHF band, the input circuit, as a rule, is incorpora- 
ted into the r.f. unit. 


Review Questions 


1. Why should the transmission line be terminated into an 
impedance equal to its characteristic impedance? 

2. Why is the effective Q of a transformer-coupled input cir- 
cuit halved at optimum coupling? 

3. How does the effective Q of a transformer-coupled circuit 
vary with a decrease in the tapping-down ratio? 

4. What value of the tapping-down ratio gives a maximum 
voltage-transfer ratio in a tapped-coil coupled input circuit? 


77. Microwave Valve Amplifiers 


R.f. valve amplifiers in radar receivers are advantageous as 
long as they are capable of amplification and help to reduce 
receiver noise. 

It has been shown that at microwave frequencies the input 
resistance goes down as the frequency goes up. Indeed, R,, falls 
to a small fraction of the resonant resistance R,, of the tuned 
circuit, so that the resultant anode load resistance Rj, in a cir- 
cuit with untapped transformer coupling may fairly accurately 
be put equal to R,,. Then the stage gain is 


Ko =8nRin (14.25) 


With a low value of R,, the gain is less than unity, and 
such an ‘amplifier’ is useless. 

There is a certain limiting frequency for each type of valve 
at which the valve ceases to amplify. Let us find this frequency 
for K,—1. In this case, Eq. (14.25) can be rewritten in the 
following way: 


1=g,Rin 
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so that 
Rin = = (a) 
According to Eq. (14.15), the input resistance 
Ru =i (b) 
the values of K being shown in table 14.1. 
Equating (a) and (b) gives 
Ban 
En P 
whence, the limiting frequency is 
Frim =V En K10° (14.26) 


In Eq. (14.26) the frequency is in megahertz if K is in 
megohms-MHz* and the mutual conductance is in milliamperes 
per volt. 

Table 14.2 gives the values of limiting frequencies for seve- 
ral types of valves. The values are found by Eq. (14.26). 

In a circuit with tapped-coil (or tapped-transformer) coupling 
the shunting effect of the valve input is decreased and the 
limiting frequency is higher in comparison with the data of 
Table 14.2. Practical valves of conventional construction cease 
to amplify at the lower end of the VHF band. 








TABLE 14.2 
Valve Flim | Alim, | Valve | fim | Ai 
type MH metres type MHz metre 
6CITI 600 0.5 GKI 600 0.5 
6C50 3,000 0.1 6XK3II 400 0.75 
6KIT] 300 1.0 6)K4 250 1.2 
6K3 200 1.5 








Bantam, super-miniature and acorn valves may be used in 
the high-frequency range of the UHF band. Lighthouse triodes 
operate up to 3,000 megahertz. 

Single-stage Amplifier with a Tapped-down Secondary. As 
a rule, parallel-feed circuits are used at microwave frequencies. 
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Fig. 14.18. Single-stage microwave amplifier with tapped-down transform 
coupling 


In the circuit of Fig. 14.18, R in the anode lead replaces a 
choke. C, is a coupling capacitor. To reduce the shunting effect 
of R;, and C;, on the tuned circuit, the grid of the next stage 
is connected to a tapping on the tuned-circuit coil. 

When a common supply source is employed, parasitic coup- 
ling in the amplifier is eliminated by use of decoupling filters 
in the supply circuit. Thus, the anode circuit uses an L-type 
filter, and the screen grid circuit utilizes a two-section L-type 
filter, the first section of which R,,C,, filters out radio frequen- 
cies, while the second section R,,C,, the lower frequencies. Si- 
milar filters are also used in the filament circuits. 

Depending on the resonant frequency, the tuned-circuit capa- 
citance may consist of the capacitance of the capacitor and the 
shunt capacitance C,, or only of C,. In the latter case, the 
tuned-circuit capacitor may be omitted in the diagram. 

According to Eq. (6.13), the stage gain is 


Ko =8mRoePg (14.27) 


L 
where p= T is the tapping-down ratio on the grid side, and 
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Roe is the load resistance of the anode circuit consisting of R 
and Rim in parallel. 


The’ resonant resistance of the tuned circuit R,,>R,, is 
neglected and 





p Rin 
2 
Rie = i (14.28) 
R+—2 
Pg 
The maximum stage gain at 
/ Rin 
Pg opt = R 
is given by 
Knas =V RRin (14.29) 


Connection of the grid to a tap on the tuned-circuit coil also 
affects the selectivity and bandwidth of the amplifier. Using 
Eq. (6.12) for the bandwidth and noting that 


Qer =$ = RyeviC (14.30) 


we obtain 


— fo 1 Ages 1 I E 
AFEN 7 1 eR ye 1 (14.31) 


The value of the tuned-circuit capacitance C is given by 
C C 
C=C, + Con +P +p (Cin +S) (14.32) 


where C, is the capacitance of the capacitor; and C,, is the 
total capacitance of wiring. 

Connection of the grid to a tap on the tuned-circuit coil is 
mainly used in order to obtain a comparatively narrow band- 
width. If a broad bandwidth is desired, untapped connection 
should be preferred. 

Single-stage Amplifier with a Series Inductance. The circuit 
of Fig. 14.19 makes use of parallel feed. The tuned circuit con- 
sists of a coil L connected between the anode of the first valve 
and the grid of the next valve and of a capacitance comprising 
two series-connected capacitances C, and C,. The capacitances C, 
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Fig. 14.19. Single-stage UHF 
amplifier with a series induc- 
tance 





and C, represent, in effect, the input and output capacitances 
of the valves, with the wiring capacitance taken into conside- 
ration. 

The advantage of the circuit of Fig. 14.19 over the usual cir- 
cuits in which C, and C, are connected in parallel is that the 
series connection of capacitances brings down the total tuned-cir- 
cuit capacitance considerably. This raises the limiting resonant 
frequency of the tuned circuit. This type of circuit can operate 
at frequencies up to 375 megahertz. 

In the circuit of Fig. 14.19 both the anode and the grid are 
connected to a tap on the total capacitance. 

For the anode, the tapping-down ratio is 








Pa~ C+, 
For the grid, this ratio is 
sei 
Ps = 0+0, 


Therefore, the gain of the circuit is 
Ko =EnRoePaPg (14.33) 


Earthed-grid Amplifier. The usefulness of bantam, ultra-mini- 
ature and acorn pentodes as amplifying valves is limited to the 
high-frequency end of the UHF band because their input resis- 
tance drops to a low value and they introduce excessive noise. 
Besides, the inductance of the screen-grid lead in such valves 
begins to tell even in the low frequency range of the VHF band; 
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Fig. 14.20. Earthed-grid amplifier 


the screen grid is no longer earthed for the r.f. and ceases to 
serve aS a screen. 

Those are the reasons why pentodes have been fully replaced 
by triode valves in the low-frequency range of the UHF band. 
Yet, although they have a lower noise level than pentodes, tri- 
odes tend to self-oscillate at higher frequencies if connected in 
the conventional manner owing to parasitic feedback between 
the input and output circuits of the valve through the anode- 
grid capacitance. A way out for UHF amplification is offered 
by an amplifier circuit in which the grid is earthed. l 

The unusual feature of the earthed-grid amplifier circuit 
(Fig.14.20) is that the tuned input circuit is connected between 
the cathode and the earthed grid, and the output circuit bet- 
ween the anode and earth. Just as in many other microwave 
circuits, the anode is parallel-fed and the electron stream is 
controlled in the usual way. The alternating input voltageis app- 
lied to the cathode which varies in potential relative to the 
earthed grid. This variation affects the space current: in the nor- 
mal way, and the anode potential varies accordingly. The earthed 
grid placed between the cathode and anode acts as an ele- 
ctrostatic screen. As a result, the anode-cathode Capacitance is 
brought down to a few hundredths of its usual value. This iso- 
lation of the input and output circuits sharply diminishes para- 
sitic feedback through C,,, and the stability of the amplifier is 
considerably improved. Cag is connected in parallel with the 
output circuit. The gain of the earthed-grid amplifier is 


Ko =8uRoePg (14.34) 
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where Rie is the resistance of the anode load adjusted for the 
shunting effect of R, and Rin- 

In a multi-stage earthed-grid amplifier, the shunting effect of 
one stage upon another is greater than in the earthed-cathode 
circuit. To clarify this point, let us determine the input resis- 
tance of an earthed-grid stage. From the circuit of Fig. 14.20, 
it is seen that alternating anode current flows through the tuned 
input circuit. In other words, the anode current flows in the 
cathode-grid circuit even at negative bias. 

By definition, the input resistance of the valve 

Vin 
Rin=T,,, 


where 
Vin =V | ee Ge 
Noting that the alternating anode current is 
la =8nV, 


we have 


V 1 
a 
Vis © in (14.35) 





Rin = 


Thus the input resistance of the earthed-grid triode is indepen- 
dent of frequency and is small in value. 

Owing to the low values of Rim, the earthed-grid circuit is 
particularly adapted for super-high frequencies, where R;, is 
greater than the input resistance of the pentode. 

In multi-stage earthed-grid amplifiers, the grid of a next valve 
should be connected to a tap on the output tuned-circuit coil of 
the preceding one. If it were connected to the untapped coil, 
the stage gain would be unity. To prove this, we write 


; 1 
Roe & Rin =F 
With p=1, the gain is 
r 1 
Ko =EnRoe =8EnRin = Eng =! 


A two-stage earthed-grid amplifier is shown in Fig. 14.21. 
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Fig. 14.21. Two-stage eartnea-grid amplifier 
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In the low-frequency range of the VHF band and, partly, in 
the UHF band, earthed-grid amplifiers can employ bantam, ult- 
ra-miniature and acorn triodes, along with the usual tuned cir- 
cuits or those made from segments of transmission lines. In the 
UHF band, particularly in its low-frequency range, lighthouse 
valves and coaxial-line segments may be used. 

Figure 14.22 shows a sketch and a circuit diagram of an 
earthed-grid amplifier using a lighthouse valve. Three concentric 
lines are put on the disc terminals (anode /, grid 2 and cathode 3) 
of the lighthouse valve. Each pair of lines forms a tuned cir- 
cuit. Between the concentric lines are placed short-circuiting 
plungers 4. One of the circuits formed by the outer and middle 
cylinders and connected between the cathode and earthed grid 
is the output tuned circuit 5. This tuned circuit is conductively 
(autotransformer) coupled to the output transmission line 8. 
Coupling is effected by connecting the inner conductor of the 
feeder to the middle cylinder. 

The second tuned circuit 6 connected between the anode and 
grid is formed by the middle and outer cylinders. The output 
tuned circuit is coupled to the succeeding circuits by mutual 
inductance. This coupling is effected via the transmission line 9 
which passes inside the plunger. The middle conductor of the 
transmission line terminates in a coupling loop. The inner cylin- 
der is coupled to the anode by a capacitor 71, since there is an 
insulating spacer located between the cylinder and the anode 
terminal. The d.c. voltage is fed to the anode through a choke J0. 

Grid bias is built up across the resistor in the cathode cir- 
cuit. The capacitance 7, by-passing this resistor, is created bet- 
ween the radio-frequency cathode terminal and the cathode lead 
connected to the valve pin (for the direct anode current). 

Figure 14.23 shows the construction of a tunable single-stage 
amplifier employing a lighthouse valve and operating at 1,000 
megahertz. The segments of concentric lines are tuned by means 
of plungers, the ends of which carry short-circuiting springs. 
The input tuned circuit is adjusted by a bridge which is a block 
rigidly connected to the tuning plunger. The output cable is 
conductively coupled to the inner cylinder of the input line 
through a hole in the bridge block. 

When the bridge is shifted along the line, the coupling con- 
tact also shifts. The output tuned circuit is adjusted by rotating a 
knob which causes the inner plunger to shift. The feeder is in- 
ductively coupled to the output tuned circuit by means of a 
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coupling loop. The latter moves together with the tuning plun- 
ger; as a result, the coupling is maintained constant over the 
range. 

Cascode Amplifier. A triode amplifier, specifically designed for 
work in the VHF band and the low-frequency end of the UHF 
band, is shown in Fig. 14—24. Commonly called the cascode 
amplifier, it uses an earthed-cathode triode amplifier followed 
by an earthed-grid triode output stage. 

At the input to the earthed-cathode stage, there is a double- 
tuned coupling circuit formed by L, and L, and the respective 
circuit capacitances. The anode load of the first stage is a sin- 
gle tuned circuit with L,. 





Fig. 14.24. Cascode amplifier 
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The earthed-grid stage is a parallel-feed circuit. The R,C, net- 
work connected into the cathode of the second valve provides 
automatic bias to the earthed grid through the series circuit L,,L,. 

L, connected between the anode and grid of the first valve 
neutralizes the anode-grid capacitance C,, of the valve. Its value 
is such that it resonates at the intermediate frequency with C,,, 
thereby reducing the noise factor. D.c. voltage is applied to 
the anode of the second valve from a common supply source 
via Lə. Besides, L,, neutralizes the anode-cathode capacitance 
of the second valve. 

In terms of gain, the cascode amplifier is equivalent to a 
single triode stage. To prove this, we write the gain of the first 
stage 

K 1 = Sm R ina 


According to Eq. (14.35), the input resistance of the earthed- 
grid stage is 
l 


Roa 
in2 Em2 
whence 
Em 
K, Em 


The gain of the second stage is 
Kı =8mRoez 


where R,,. is the load of the second stage. 
The gain of both stages is 


Kop =K, K, = St 2 
m2 


Substituting the expression for K,, we obtain 
K tot = Em Roes (14.36) 


i.e. the gain of the circuit is determined by the mutual conduc- 
tance of the first triode and by the load of the second. 

In such a circuit, the first stage does not provide voltage 
amplification. However, it does provide power amplification be- 
cause its input resistance is higher than that of the earthed- 
grid stage. This facilitates matching to the preceding stage. 

The noise factor of the cascode amplifier is practically the 
noise factor of the first stage. 
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The point is that the noise of the first stage is amplified in 
power to a proportion such that the noise in the second stage 
is negligible in comparison. 
The cascode amplifier is widely used in the early stages of 
i.f. amplifiers in SHF radar receivers. 


Review Questions 


1. Why is it that at microwave frequencies the anode load is 
mainly the input resistance of the next stage? 

2. Why does the gain of a microwave valve amplifier de- 
crease as the frequency increases? 

3. How does an increase in the tapping-down on the grid 
side affect the bandwidth? 

4. What gain is provided by the optimum tapping-down? 

5. What limits the use of the earthed-grid amplifier at lower 
radio frequencies? 

6. How are the valves connected for d.c. in the cascode cir- 
cuit? 


78. Travelling-wave Valve Amplifier 


One of the basic parameters of SHF radar receivers, the effe- 
ctive power sensitivity, is limited by the large value of the 
noise factor. In turn, the high noise factor of a receiver in this 
range is determined by the high noise level and low power gain 
of the mixer, which is the first stage of the receiver. 

The receiver noise factor may be decreased by employing an 
amplifier with a low noise level and high power gain in the 
r.f. unit. Such amplifiers with conventional valves are limited 
to the UHF band because of the finite transit time of electrons. 

More useful in this frequency range are valves which utilize 
the transit-time effects for their operation. One such valve, 
which is, in effect, a self-contained amplifier, is the travelling- 
wave valve. 

The construction of the travelling-wave valve is shown in 
Fig. 14.25. An evacuated glass envelope has a cathode and an 
electrostatic electron gun assembly / at one end, and a helix 2 
of copper wire fixed along the axis of the envelope. A collector 
electrode, or anode, 3 at the opposite end of the envelope col- 
lects the electrons in the beam. A longitudinal magnetic field 
is produced by a solenoid carrying direct current and mounted 
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Lnout Output 


Fig. 14.25. Schematic of a tra- 
velling-wave valve 





outside the envelope. The field causes the electrons emitted by 
the cathode to travel parallel to the axis of the helix, and this 
is magnetic focusing. 

The action of the valve may be explained briefly as follows. 
The UHF signal to be amplified is impressed on the helix at 
the input end and gives rise to a current wave which travels 
with a velocity close to that of light. The electromagnetic field 
so created may be said to have two components, a transverse 
one moving along the wire of the helix, and a longitudinal one 
moving along the axis of the helix. 

Obviously, the velocity of the longitudinal wave will be de- 
termined by the pitch of the helix. If the length of the helix 
wire is k times the axial length of the helix, then the velocity 
of the longitudinal wave will be 


u==cl/R 


where c is the speed of light, / is the circumference of a turn, 
and & is the pitch of the helix. 

The velocity of the electron beam is arranged to be very 
slightly greater than that of the longitudinal component of the 
electromagnetic field produced by the UHF signal. Under these 
conditions, a continuous interaction takes place along the helix 
between the electron beam and the electromagnetic wave. A map 
of the field for each instant of time is shown in Fig. 14.26a. 
As is seen, there is an electric field around each turn of the 
helix. Variations in the magnitude and phase of the field inten- 
sity E are shown in the plot of Fig. 14.260. Consider how the 
electromagnetic field due to the UHF signal interacts with the 
electron beam. l 

Since the velocity of the beam is approximately the same 
as that of the field, the field may be said to be stationary 
relative to the beam. Owing to this, the field acts on each ele- 
ctron continuously over nearly the entire length of the helix. 
Let the positive half-cycles of the field shown in the plot of 
Fig. 14.26b accelerate the beam, and the negative half-cycles 
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retard it. Then, electron A (see Fig. 14.26a) will be accelerated 
all the time. Electron C will be retarded, while electron B 
will be unaffected by the field. Thus, some electrons in the 
beam are speeded up, while others are slowed down. This is 
known as velocity modulation. Velocity modulation results in 
that the electrons are separated into groups, or “bunched”. This 
bunching action builds up in amplitude until after a certain 
distance the packets of electrons begin to pass energy to the 
electromagnetic wave of the UHF signal. This transfer of energy 
increases down the remaining length of the helix, thereby pro- 
viding an amplified signal at the output end. 

Travelling-wave valves have a low noise figure and a high 
power gain, so that the overall noise figure of the receiver can 
be markedly reduced. 

Travelling-wave valve amplifiers find use in both the UHF 
and SHF bands. 


Review Questions 


l. What type of electromagnetic field focuses the electron beam 
in the travelling-wave valve? 

2. What field effects the velocity modulation of the electron 
beam in the travelling-wave valve? 


79. Parametric Amplifiers 


This type of ‘amplifier owes its name to the fact that it uses 
variable reactances, C or L, usually defined as circuit parame- 
ters. 
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While normal amplifiers convert power from a d.c. source into 
power at some signal frequency, a parametric amplifier converts 
power at one frequency into power at the signal frequency. 
Parametric amplifiers are of interest in microwave radar because 
they have a low noise figure. 

The physical principles involved in parametric amplification 
may be seen in the following example. Consider an LC circuit 
as shown in Fig. 14.27. In this circuit we shall assume that 
the capacitor plates can be physically pulled apart and pushed 
together. We shall further assume that the tuned circuit accepts 
a sinusoidal signal voltage V, of frequency f, such that the ca- 
pacitor voltage Vo and the capacitor charge qc will vary also 
sinusoidally. Pulling the capacitor plates suddenly apart when 
the signal voltage is a maximum will increase the capacitor 
voltage V-=q,-/C, because the capacitance is reduced while 
the charge remains the same. Moving the plates together when 
the voltage across the capacitor is zero will cause no change in 
the energy of the system. A graphic interpretation of paramet- 
ric amplification is presented in Fig. 14.28. 

The upper plot shows variations in the signal voltage; the 
middle plot shows the moving together and pulling apart of the 
plates; the lower plot represents variations in the capacitor vol- 
tage. The plates are pulled apart at points marked by x’s on 
the curve, when V, is a maximum. As is seen, the capacitor 
voltage is steadily built up in jumps. That is, the signal vol- 
tage is amplified. 

Pulling the plates apart involves the expenditure of mecha- 
nical energy because the presence of the electric field causes an 
attractive force to exist between them. No energy is expended 
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when the plates are moved fogether, because this is done when 
the capacitor voltage is zero and there is no electric field to 
give rise to forces of repulsion. 

Thus, the work done on pulling the plates apart builds up 
the energy of the system, and this is accompanied by an in- 
crease in the capacitor voltage. In other words, mechanical 
energy is converted into the energy of the electric field. 

It appears that every half-cycle of oscillation some additional 
energy is pumped into the tuned circuit, and the source of this 
additional energy is called, quite appropriately, a pump. This 
occurs at what is called the pump frequency which, as follows 
from the principle of parametric amplification, must be twice 
the incoming-signal frequency. 

In practical parametric amplifiers, the non-linear reactance in 
which the pump voliage is mixed with the signal voltage is 
usually a varactor diode. 

In a varactor, the barrier (or depletion) layer acts as the die- 
lectric of a capacitor, because it is almost completely devoid of 
charge carriers, while the P- and N-region on each side act as 
capacitor plates (this is the reason why varactors are often called 
capacitor diodes). The application of an alternating voltage from 
a pump circuit will periodically displace the P- and WN-regions, 
varying the capacitance of the varactor. | 

Going back to parametric amplification, it should be noted that 
the pumping of energy through a variable capacitance and the 
associated increase in voltage may be regarded as occurring 
due to the addition of a negative resistance to the tuned circuit, 
which results in a reduction of losses and improvement of the Q-factor 
of the tuned circuit. 

This interpretation of parametric amplification gives grounds for 
treating it as regeneration. In contrast to conventional regenera- 
tion, however, as caused by positive feedback, this is parametric 
regeneration, because it stems from variations in the capacitance 
of the tuned circuit. 

Regeneration in a parametric amplifier is a function of the pump 
energy. If the negative resistance coupled into the tuned circuit 
exceeds its loss resistance, the amplifier will lapse into self-oscil- 
lation, and the result will be a parametric oscillator. 

In valve and transistor amplifiers, the main source of noise is 
the controlled stream of charge carriers. Parametric amplification 
does not involve any control of the charge stream, and so the noise 
level in parametric amplifiers is negligible. 
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Fig. 14.29. Single-tuned parametric amplifier 


Single-tuned Parametric Amplifiers. As is seen from the block- 
diagram of Fig. 14.29, the key units are a parametric single-tuned 
circuit, a signal source, a pump, and a load. 

A single-tuned parametric amplifier can operate as both a re- 
generative and a superregenerative circuit. In the latter case, the 
pump should be modulated by the quench frequency. 

In the single-tuned parametric amplifier, the load is connected 
to the same tuned circuit that accepts the signal voltage. This 
results in an increased noise factor because the thermal noise 
originating in the load can affect the tuned circuit and go back 
to the load amplified. To prevent this, the load is usually con- 
nected to the parametric amplifier through a circulator, a unidi- 
rectional device. Single-tuned parametric amplifiers are used in 
the VHF, UHF, and SHF bands. 

In the VHF band, the tuned circuits are of the conventional 
lumped-constant type; in the UHF band, use is made of coaxial reso- 
nant lines; in the SHF band these are cavity resonators and 
waveguides. In all bands, the variable capacitance is a varactor, 
although use may be made of the collector junction ina transistor. 
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Fig. 14.30. Sketch of a single-tuned 
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RADAR RECEIVERS 387 





% % 


f 
i 
AP 
Py, 


Fig. 14.31. Explaining ron Se He 
operation of a negative- o bh 
resistance parametric con- 


verter 


Figure 14.30 shows a sketch of a parametric amplifier for the 
SHF band, which consists of two waveguide segments arranged 
in a criss-cross manner. The signal is injected into a waveguide 
chamber 7 which is tuned with a plunger 2 placed at the end 
of the waveguide. The pump voltage is applied to another wave- 
guide: chamber 3 from a pump oscillator and is mixed with the 
signal voltage in a varactor 4. The pump waveguide chamber has 
a tuning piston 5 and tuning screws 6. The amplified signal is. 
extracted from the chamber / and is fed through a circulator to 
the succeeding stages of the receiver. 

.. Double-tuned Parametric Amplifiers. A double-tuned paramet- 
ric amplifier contains two tuned circuits coupled by a common 
non-linear capacitance varying at the pump frequency fo: 

The varactor mixes two frequencies, the pump frequency fp 
and the signal frequency f,. Its output contains a sum or a diffe- 
rence frequency, fp fs called the output frequency. The first 
tuned circuit is tuned to resonate at f,, and the second at the 
output frequency: fa. When f, > fs, the circuit is an up-converter; 
when f, <f,, it is a down-converter. 

Consider operation of a parametric amplifier (Fig. 14.31) in 
which the output tuned circuit is tuned to resonate at the diffe- 
rence frequency f.=f,—f,. The output frequency is then called 
the idler frequency, and the output tuned circuit is referred to 
as the idler circuit. The action of the pump gives parametric 
regeneration, and negative resistance is coupled into each tuned 
circuit, because of which the entire circuit is called a negative- 
resistance parametric converter. 

Negative-resistance parametric converters have a lower noise 
factor than single-tuned parametric amplifiers. Besides, they need 
no circulator. For efficient operation, it is essential that the idler 
frequency be five to ten times the signal frequency. Since the 
idler frequency is determined by the pump frequency, the limit 
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Fig. 14.82. Circuit diugram of a parametric converter for the VHF band 


of operation for a parametric converter is decided by the frequency 
of the pump generator. Existing low-power microwave generators 
are limited to a pump frequency of ten to fifteen gigahertz (one 
gigahertz, symbolized GHz, is equal to one thousand megahertz). 
In other words, parametric converters can operate at frequencies 
not over | to 1.5 gigahertz. 

Figure 14.32 shows the circuit diagram of a parametric conver- 
ter for about 50 megahertz. The signal to be amplified is impressed 
on part of the coil in the first tuned circuit TC,. The amplified 
output at 226 megahertz is coupled out from a tap on the coil 
in the second tuned circuit and is fed to a next stage. 

The parametric capacitance is the capacitance of the collector 
junction in a power triode to which a negative bias E is applied. 
The pump voltage at f,—276 megahertz comes from a pump 
generator through a filter C,L,. The pump generator may be 
any r. f. oscillator developing a power of several tens of watts. 

Figure 14.33 suggests a circuit for a parametric converter 
operating in the UHF band. The signal cavity is a coaxial 
resonator / which can be tuned with a piston 2. The idler ca- 
vity is a waveguide chamber 5 with a tuning piston 6. The 


Fig. 14.33, Sketch of a para- 
metric converter for the UHF 
band 
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idler frequency lies in the SHF band. The varactor 7 is placed 
at the junction of the two cavities. The pump generator is con- 
nected to the transverse waveguide 3, tunable with a screw 4. 

A comparison of parametric amplifiers and converters is presented 
in Table 14.3. 




















TABLE 14.3 
Input Output Gain, Bandwidth, Noise 
Circuit frequency, | frequency, db MHz figure, 
MHz MHz db 
Parametric amplifier 500 — 15 1.5 
4,500 — 22 11 2.6 
11,500 — 10 25 3.6 
Parametric converter 460 8,495 20 2 1.5 
500 8,500 18 5 1.2 
750 8,750 25 8 1.5 
925 8,800 20 30 1.5 





Review Questions 


1. What is the function of the pump generator in a parametric 
amplifier? | 

2. What is the output frequency in a negative-resistance pa- 
rametric converter? 

3. Why should the pump frequency be twice the signal frequency 
in a single-tuned parametric amplifier? 


80. Induced Emission Amplifiers 


In these circuits, amplification is effected by the stimulated 
emission of radiation. This is a quantum-mechanical process 
performed by masers, 

For an insight into operation of masers, it is essential to learn 
some of the properties of quantum-mechanical particles and the 
key postulates of quantum theory. 

Quantum theory deals with molecules, ions, atoms and electrons. 
A system where these particles interact is called a quantum- 
mechanical system. The internal energy of a quantum-mechanical 
system or of its particles can change. One of the causes of such 
changes is an exchange of energy with the electromagnetic field. 

When a system absorbs energy, it rises to a higher energy 
level. When it gives up energy, it descends to a-lower energy 
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Fig. 14.84. A quantum sy- 
stem with three energy levels 


level. As an example, Fig. 14.34 shows a quantum system with 
three energy levels, W,, W, and Ws. 

One of the key postulates of quantum theory is that an atom 
or molecule does not emit or absorb energy continuously. Rather, 
it does so in a series of steps, each step being the emission or 
absorption of a unit quantity (quantum) of electromagnetic energy, 
called a photon. 

The energy of a photon is 


W =hf (14.37) 


where h=6.625x 107°% joules-sec is Planck’s constant, and f is 
the frequency of the incident photon (the electromagnetic field). 
Thus, the energy of the photon is completely decided by its 
frequency. 

Two adjacent energy levels are separated by a few gigahertz 
to a few tens of gigahertz. This implies that if an atom “sees” 
an electromagnetic wave of the proper frequency, it can be 
stimulated to change to a higher or a lower level. The process 
is called transition, and the frequency of the field causing it 
is called the transition frequency. Referring to Fig. 14.34, the 
energy-level separation, respectively, is W.—W,, W,—W,, and 
W,—W,. The corresponding transition frequencies are 


fics = (W,— W ,)/h 
Fst = (W,—W,)/h 
fos = (W3— W,)/h 


For a quantum system, the lowest energy level is most stable, 
and the system will always tend towards it. This is why the number 
(or the population) of lowest-energy particles is the largest. 
However, the particles cannot remain in that minimum-energy 
state because of continuous thermal agitation which drives them 
to a higher state. 
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Fig. 14.35. Plot of energy level 
us. population 





The populations of the energy levels at thermal equilibrium 
may be specified by Maxwell-Boltzmann statistics. A plot of 
energy level versus population N is shown in Fig. 14.35. As is 
seen, the population at a higher energy level, say W,, is smaller 
than that of the lowest energy level W, (N, < N,). As the tem- 
perature is raised, the population of the higher levels approaches 
that of the lowest level (Fig. 14.36). 

Quantum systems specified by Maxwell-Boltzmann statistics 
always absorb energy from the field because the population of 
the lower energy levels is greater than that of the higher energy 
levels. In order that such a system can emit energy, it is neces- 
sary to invert its populations, that is, to cause more particles 
to change from a lower to a higher state. 

There exist several methods for population inversion. The 
most commonly used ones are by separation of upper-state par- 
ticles with an electrostatic or electromagnetic field and by pumping 
in an external electromagnetic energy. 





Fig. 14.36. Variations in population distribution with temperature 
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Fig. 14.37. Approximate plot 
of induced emission 





In a quantum system with the inverted population, a weak 
electromagnetic wave of the proper transition frequency will 
excite the transition of particles from the upper to the lower 
energy level. This is induced transition, and the emission of 
energy associated with it is induced emission. It is the basis of 
maser operation. 

An approximate plot of induced emission is shown in Fig. 14.37. 
The dotted line represents the energy state of the system at a 
temperature T,, W, and W, are the allowed energy levels with a 
transition frequency fı. The respective populations are N, and 
N,, such that N, > N,. Population inversion can be effected by 
separating the lower-state particles so that their population is 
reduced to Ni, such that N; >N. 

Then a weak signal Pi, at frequency fi-s induces the popu- 
lation of the energy level W, to change to the lower level W, 
in an avalanche fashion. As this happens, an induced radiation 
Pony is emitted at the same transition frequency fi- 

Induced-emission amplifiers have a gain of tens to thousands. 
The exceptionally high gain of masers is due to the fact that 
they generate coherent radiation. That is, the emitted photons 
es in the same phase with one another and with the external 
field. 

In contrast to conventional amplifiers in which noise is caused 
by minor variations in the electron stream, induced-emission 
amplifiers are free from such streams and, as a consequence, 
from the associated noise. This is why induced-emission amplifiers 
may be regarded as having the lowest noise figure ever attained. 
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There are two main types of masers, gas masers, and solid- 
state masers. In the former, the material is a gas; in the latter, 
a paramagnetic crystal. Microwave systems ordinarily use solid-state 
masers, therefore the discussion that follows will be about them. 

As will be recalled, all materials may be classed into ferro- 
magnetic, paramagnetic, and diamagnetic. 

The ultimate source of the magnetic properties of matter is 
the orbital motion of the electrons around the nucleus and the 
spin of the electron about its own axis, both of which produce 
a magnetic dipole moment. 

Ferromagnetism is mainly due to the electron-spin magnetic 
moment. In those atoms where the electrons form complete shells 
around the nucleus, the magnetic contributions of the individual 
spins or individual orbital motions neutralize one another and 
result in diamagnetic atoms. Copper, silver, and carbon are 
examples of diamagnetic materials. In the atoms of some mate- 
rials, the magnetic moments (which may be orbital or spin mo- 
ments) of the individual electrons do not compensate one another, 
and a net magnetic moment results. Examples of paramagnetic 
materials are rare-earth salts, iron salts, cobalt, nickel, etc. 

When placed in an external magnetic field, the paramagnetic 
atoms orient themselves as elementary magnets. When a para- 
magnetic atom is oriented with the field, there is no interaction 
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Fig. 14.38. Amplification in a three-level paramagnetic maser 
(a) excitation; {b) induced emission 
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between the two, and the energy of orientation is zero. 
When a paramagnetic atom is oriented against the field, 
the energy of orientation is a maximum. The atom tends to 
orient itself in the direction of the field, and the interaction is 
strongest. 

Like any quantum system, a paramagnetic system is charac- 
terized by a set of discrete energy levels. The population distri- 
bution of the energy levels is likewise specified by Maxwell- 
Boltzmann statistics. To obtain maser action from a paramagnetic 
system, the population distribution must be inverted. The most 
common mode of operation is three-level population inversion. 

Referring to Fig. 14.38, the dotted curve shows the Maxwell- 
Boltzmann distribution prior to excitation. The three energy 
levels are chosen such that W, is above W,, and W, is above 
W,. The population distribution is such that N, > N, > N,. The 
difference between the populations may be rather considerable 
if the active element is maintained at a sufficiently low tem- 
perature so as to isolate the paramagnetic atoms from thermal 
agitation. 

Population inversion is accomplished by use of a pump energy, 
Fig. 14-38a. The pump frequency f= corresponds to the tran- 
sition from W, to W,. As the energy supplied by the microwave 
pump is absorbed by the system, some of the particles change 
to W,, and its population rises to N;, that of W, drops to N,=N,3. 
As a result, there will be an excess of high-energy particles at 
the second level in comparison with the first level, that is, N, > Nj, 
and the system will be ready for induced radiation at frequency 
f= (Fig. 14.380). If now a weak signal of transition frequency 
fie, is injected into the input, it will cause induced radiation 
at a much higher power level. 
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Fig. 14.389. Sketch of a three- ) n | 


level paramagnetic maser with 
an external magnet 3 


RADAR RECEIVERS 395 












a —_ = 
| i ize A 
oH yr T 


ETZI 





Fig. 14.40. Resonator head of a 3-cm paramagnetic maser 


Figure 14.39 shows a sketch of a three-level paramagnetic 
maser with an external magnet. The paramagnetic crystal 3 is 
placed in a cavity resonator 2, and both are immersed in a 
cryostat 4, made up of two Dewar flasks, one filled with liquid 
helium and the other with liquid nitrogen. The cryostat is placed 
between the pole-pieces of a permanent magnet 1. 

Paramagnetic masers for use in the 3-cm band incorporate an 
internal magnetic system, in which case the cryostat encloses 
the resonator holding the crystal, and the permanent magnet. 

The resonator head of such a maser is shown in Fig. 14.40. 
The active (paramagnetic) element is a ruby crystal doped with 
chromium. The pumping source operates at a wavelength of 
1.25 cm. 

Paramagnetic masers have a very low noise figure and a 
bandwidth of tens of megahertz. They are employed in radar 
and space communication. 


Review Questions 


1. What characterizes the energy state of a quantum system? 

2. What accompanies an increase in the energy of a quantum 
system? 

3. How does the energy of a photon vary with the frequency 
of the electromagnetic field? 

4. How are population inversion and induced radiation related? 

5. What is the function of pumping energy in a paramagnetic 
maser? 
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81. Mixers and Frequency Changers for the VHF and UHF Bands 


In radar receivers, the frequency changer (mixer and local 
oscillator) is a far more important component unit than it is 
in receivers operating at lower frequencies. 

In the VHF-UHF bands, the circuits preceding the frequency 
changer provide insignificant amplification, while there are no 
such circuits in the SHF band at all. This is why the internal 
noise of the frequency changer and its gain have a marked effect 
on the noise quality and, consequently, sensitivity of the receiver. 
Indeed, the noise quality of a valve intended for use in a micro- 
wave frequency changer is the governing factor in its selection. 

Mixer circuits with double-grid injection cannot be used 
in microwave receivers because multi-grid valves introduce 
excessive noise and tend to self-oscillate. Therefore, the mixer 
valves for the VHF and UHF bands are mainly pentodes, trio- 
des, and diodes. In the SHF band, use is made of crystal 
mixers. Since SHF mixers and frequency changers possess some 
specific features, they will be discussed separately. This section 
will be devoted to mixer and frequency changer circuits for the 
VHF and UHF bands. 

Pentode and Triode Mixers. Pentode mixers are mainly used 
in the VHF band and differ only slightly from the circuits using 
single-grid injection discussed in Chapter IX. The most com- 
monly used configuration is the cathode-coupled circuit of 
Fig. 9.7a. 


Fig. 14.41. VHF vacuum-triode 
frequency-changer 
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Fig. 14.42. Circuit diagram and construction of a lighthouse triode mixer 


Triode mixers are used within a broader frequency range up 
to 1,000 megahertz. They are less noisy than pentode circuits. 

Figure 14.41 shows the circuit schematic of a VHF frequency 
changer. It consists of a triode mixer and a separate local oscil- 
lator. The local oscillator is loosely coupled to the mixer through 
a tap on the mixer coil. The local oscillator is a circuit widely 
used at frequencies up to 350 megahertz. It has its tuned circuit 
placed between anode and cathode and utilizes capacitative 
feedback through the interelectrode capacitances of the valve. 
Grid bias for the local-oscillator valve is furnished automatically 
from the network R,C,. The local-oscillator voltage V, develops 
across L, connected in the cathode lead. The network R,C, is 
a decoupling filter. The valves are bantam, super-miniature and 
acorn triodes. 

In the UHF band, mixers are disc-seal (lighthouse) valves 
in conjunction with tuned circuits made from coaxial resonant 
lines. The circuit diagram and a sketch of a mixer using a disc- 
seal valve appears in Fig. 14.42. It looks very much like an 
amplifier using the same type of valve (see Fig. 14.23). 

The input tuned circuit tuned to resonate at the incoming- 
signal frequency is made up of two concentric tubes connected 
to the cathode and grid. The output i.f. tuned circuit consists 
of a conventional inductor and an adjustable capacitor. 
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The two are placed inside the middle cylinder. The i.f. signal 
is fed to the i.f. amplifier over a coaxial feeder. The incoming- 
signal frequency and the local-oscillator output are coupled to 
the input tuned circuit through separate taps on the tuned-cir- 
cuit coil. The respective feeders are connected to the inner cylin- 
der through holes in the terminal block by means of spring 
terminals. 

The input tuned circuit is tuned by moving a short-circuiting 
piston permanently attached to the block. This type of mixer 
is effective at frequencies up to 1,000 megahertz. The local 
oscillator operating close to 1,000 megahertz also uses a disc- 
seal valve. l 

Diode Mixers. Diode mixers are employed in the. UHF band 
at frequencies up to 2.85-3 gigahertz. . 

The circuit of a diode mixer is shown in Fig. 14.43. It contains 
the receiver input circuit, a short-circuited segment of a coaxial 
line. The r.f. signals from the aerial and local oscillator are 
applied to the mixer over two coaxial cables. The i.f. signal 
develops across the LC tuned circuit connected to the anode of 
the diode. The R,C, circuit provides automatic bias to the 
anode, necessary for diode operation with current cutoff. 

Diode mixers use special diodes with low noise level, small 
interelectrode capacitance and short electron transit time. 

The efficiency of a diode mixer is specified in terms of 
voltage transfer factor in contrast to grid-valve mixers whose 
efficiency is specified in terms of gain. The voltage transfer 
factor of a diode mixer, like that of a diode detector, is less 
than unity. 


from local 
astillator 





Fig. 14.43. Diode mixer 
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Review Questions 


l. Why is it that at microwave frequencies preference should 
be given to frequency conversion with single grid injection? 

2. What types of tuned circuits are used at the input and 
output of a disc-seal valve mixer? 

3. What frequency is. the LC-circuit tuned to in a diode 
mixer? 


82. Single-ended Frequency Changers for the SHF Band 


SHF radar receivers use crystal mixers and crystal frequency 
changers. 

The crystal diode has a number of advantages over the vacuum 
diode, such as reduced time necessary for charges to pass between 
the electrodes, lower interelectrode capacitance and noise level. 
As a result, the circuit has better efficiency and reduces receiver 
noise. 

A crystal mixer is specified in terms of operating wavelength, 
power transfer factor, noise level and output resistance. 

The power transfer factor K,,, is defined as the ratio of the 
i.f. power at the mixer output to the r.f. signal power at the 
input under conditions of a matched load 

Kia 2 Tont 

The value of Kpm usually does not exceed 0.25. 

The noise properties of the crystal mixer are Specified in 
terms of equivalent noise temperature feg: The relative noise 
temperature is a quantity showing how many times it is neces- 
sary to increase the absolute temperature of an equivalent noisy 
resistance so that the noise level in it would be equal to the noise 
level of the crystal mixer. The value of £, is usually 2 to 3. 

The output resistance of the mixer is defined as the ratio 
of the i.f. voltage at its output to the i.f. current. 

These parameters of the most commonly used diodes of Soviet 
manufacture are given in Table 14.4. 

It should be noted that the operation of a semiconductor 
diode depends to a large degree on the power of the signal 
from the local oscillator. As the power increases, the noise level 
increases, too. Besides, when the crystal mixer accepts too much 
power it is overloaded. As a result, the crystal burns at the 
point of contact with metal. The maximum power applied to 
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TABLE 14.4 
ia: 
_ on N N on M ae < wD ~ 
Q Q Q 9 Q Q. Q 9 9 Q 
Jou x< (a x = < Le < x x< 
Parameters raf ian (Si i ef 4 = et e{ et 
ERISA Leper ia Rie es Leet dee nee ea ee See ain 
Operating wave- 
length, cm 9819.8198]|9.8 | 3.2] 3.2 | 3.2 | 3.2 | 2 3.2 
` Power transfer fac- 
tor Kpm, db 8.5 | 8.5 | 6.5 |6.5|8.5]85)651]65]8 7 


Equivalent noise 
temperature, teg | 3 | 2.7 3 2 3 |2.7| 3 |2.2ļ]| 2.5 2 
Output resistance 
Rip ohms 400 | 400 | 400 | 400 | 40C| 400 | 400 | 400 | 400 | 400 





a semiconductor diode from the local oscillator should not exceed 
one milliwatt, otherwise the dicde will be destroyed. In crystal 
mixers, a check of the applied power is provided by milliammeters 
which measure the direct component of the mixer current. 

Since SHF radar receivers have no r.f. amplifier, the crystal 
mixer is the input stage of the receiver. Because of this the 
noise level of the crystal mixer and of the first i.f. stage deter- 
mines the noise quality of the receiver as a whole. The noise 
factor of such a receiver is given by 


afar: (14.38) 

K pK ppK pm 
where N;,=i.f. amplifier noise level 

K,,= power transfer factor of the feeder 
K pp = power transfer factor of the TR switch. 

In calculations, K,, is taken equal to 0.9; for some types of 
TR switches the values of K,, are given in Table 14.5. 

In design, SHF mixers radically differ from VHF and UHF 
valve mixers. In the SHF mixer, the crystal diode is located 
inside a coaxial line, waveguide or cavity resonator, and special 
types of valves, klystrons and lighthouse valves, with coaxial 
tuned circuits, are used as the local oscillators. With lighthouse 
valves, the intermediate frequency is obtained by heterodyning 
with one of the local oscillator harmonics, usually the third, 


fi=3fo— fs 
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TABLE 14.5 

a a H a aa n a‘ 
TR 

switch type Kpp Qp 

ts i E N 
721B | Narrow-band with external 


F en ange, 
Particulars Teau MHz j 














resonator, untuned 2,750-3,300 0.7 300 
1B27 |Narrow-band with external 

resonator, tuned 2,400-3,750 0.7 350 
724B | Narrow-band with external 

resonator, untuned 8,600-9,700 0.6 200 
1B24 | Narrow-band with internal 

resonator, tuned 8, 500-9 , 600 0.8 300 
1B26 | Narrow-band with internal 

resonator 23 , 420-24 , 580 0.7 200 


ts 


Coaxial Crystal Mixer. In 10-cm radar systems (f =3,000 me- 
gahertz) the crystal diode is placed into a coaxial cavity. The 
construction of the mixer is shown in Figs. 14.44 and 14.45. 

The mixer is made up of three segments of coaxial line. 
The input side of the line begins at a flange 1, which is connec- 
ted to the flange of a TR tube. The r.f. signal is applied to 
the mixer input via a coupling loop 2 located in the TR reso- 
nator. The cartridge containing the diode 4 is located at the 
opposite end of the line and is connected to its inner conductor 3. 
The main coaxial line, through which the signal is fed, is 
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Fig. 14.44. Construction of a Fig. 14.45. Sketch of a pencil- 
pencil-type coaxial crystal mixer type coaxial crystal-mixer for 
for 3,000 megahertz 3,000 megahertz (Notation is 

the same as in Fig 14.44) 
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coupled to a T-junction. The local oscillator signal is applied 
through the horizontal part of the T-junction 5, into which 
a pin connected to a flexible conductor is screwed. The inner 
conductor in the horizontal part of the T-junction terminates 
in a bushing 6. The probe 7 passing inside the bushing is used 
to adjust coupling between the local oscillator and mixer. The 
coupling is effected through the capacitance between the inner 
conductor of the line and the probe plate and is adjusted by 
moving the probe with a knob 3. 

The local-oscillator load is a 50-ohm disc resistor 9. The 
crystal diode, connected to the inner conductor of the line is 
in an electromagnetic field due to the incoming signal and local- 
oscillator voltages, so that an i.f. current flows in the diode 
circuit as in any non-linear element. The i.f. signal is coupled 
out of the mixer over a flexible concentric cable joined to the 
mixer with the aid of a connector. The connector is screwed 
onto the threaded part of the line /0 so that its inner conductor 
touches the face of the crystal cartridge through a jack 11. 

Single-cavity Crystal Mixer. At frequencies above 3,000 mega- 
hertz, microwave energy is conveyed from one part of a system 
(say, the aerial) to another (the receiver) through hollow pipes 
called waveguides. Commonly used waveguides are either rectan- 
gular or circular in cross-section. The transfer of microwave 
energy in a waveguide occurs as the propagation of electromag- 
netic waves through the interior space bounded by the walls of 
the waveguide. 

A uniform plane electromagnetic wave has the electric field E 
at right angles to the magnetic field H, and the direction of 
propagation is at right angles to the plane containing both E 
and H. The direction of propagation forms a right-handed system 
of axes with the vectors E and H, as shown in Fig. 14.46. 

This mode of propagation is encountered in ordinary trans- 
mission lines and is called the transverse electromagnetic mode 
(TEM). In a waveguide, the resultant wave travelling longitu- 
dinally down the guide has a component of either the electric 
or magnetic field in the direction of propagation. Therefore, 
transmission may be either transverse electric (TE) or transverse 
magnetic (TM). In the former case, the electric field lies wholly 
in the transverse plane at right angles to the direction of pro- 
pagation (the XY plane in Fig. 14.46), while there is a magnetic 
component along the direction of propagation (the Z axis). 
This type of wave is sometimes called an H-wave. In the latter, 
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Fig. 14.46. Sketch of rectangular 
waveguide 





it is the magnetic field that is wholly in a plane transverse 
to the direction of propagation, and there is a component of 
electric field in the direction of propagation. This form of wave 
is sometimes called an E-wave. 

Two subscripts are used to designate a particular mode in 
either kind of modes designated as TE or TM. The first subs- 
cript. designates the number of half-wave variations, or half-sinu- 
soids in the electric field distribution along the dimension a in 
Fig. 14.46, and the second, the number of half-wave variations 
along the dimension b. If one of the subscripts is zero, the field 
varies only along one of the sides of the waveguide. Thus, 
a TE,, mode designates a field pattern in which the electric 
_ field is always transverse to the direction of propagation and 
in which the electric field has zero half-wave variations across 
the narrow dimension and one across the wide. 

Waveguide mixers mainly use the TE mode. The TE,, mode 
is excited by a probe which should be arranged parallel with 
the electric field vector E. In practical circuits, the probe is 
an extension of the inner conductor of the local-oscillator out- 
put coaxial line. 

The construction of a waveguide mixer for 10 gigahertz 
(3 cm) is shown in Fig. 14.47. At the input to the mixer there 
is a TR switch 7, coupled to the mixer waveguide 3 through 
a diaphragm or iris 2. The crystal diode 4, mounted in 
a cartridge 9, is transverse to the axis of the waveguide and 
longitudinal with the electric field vector E. Impedance 
matching between the crystal and the waveguide is effected by 
a piston 5 placed at a quarter of a wavelength from the axis 
of the crystal. As a result, the wave reflected from the short- 
circuited end of the waveguide (the piston) arrives at the 
crystal in phase with the direct wave, so that the signal energy 
is fully absorbed by the crystal. 

The local oscillator is a klystron 6, the output coaxial line 
of which is inserted into a socket provided in the broad wall 
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Fig. 14.47. Construction of 10,000-MHz single-cavity mixer 


of the waveguide. The waveguide is excited by a probe 7 which 
is an extension to the inner conductor of the klystron output 
lead. The amount of energy injected into the waveguide (the 
degree of coupling) is determined by the length of the probe 
inserted into the waveguide. : 

It is important that the local-oscillator signal should not find 
its way into the cavity of the TR tube. Because of this, the 
input impedance of the waveguide in the direction of the TR 
tube should be very high. Such an impedance is obtained by 
placing the probe at a distance equal to an odd number of 


quarter-wavelengths, oS, from the klystron. 


In the crystal diode, the electromagnetic waves due to the 
incoming signal and the local oscillator are mixed together to 
produce an intermediate frequency which is coupled out through 
a quarter-wave choke 8 and a coaxial cable to an i.f. amplifier. 
The coaxial cable is connected to the mixer by a pin screwed 
onto the threaded end of the crystal holder. 

With this type of mixer, the klystron local oscillator ope- 
rates under adverse conditions owing to the presence of a reactive 
load. The point is that the energy absorbed by the crystal is 
only a small fraction of the energy generated by the klystron. 
The remainder is wasted as standing waves in the klystron line 
made up of the probe and the coupling element of the cavity 
resonator within the klystron. Standing waves are equivalent in 
their effect to a reactive load. This upsets operation of the 
klystron and may even kill its oscillation. This disadvantage is 
non-existent in double-cavity crystal mixers. 
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Fig. 14.48. Construction of doub- 
le-cavity mixer 


Double-cavity Crystal Mixer. The construction of a double-cavity 
crystal mixer is shown in Fig. 14.48. The mixer consists of a 
signal cavity 7 and a local-oscillator cavity 2. The narrow sides 
of the cavities are adjacent and form a common wall. The ca- 
vities are excited, respectively, by the incoming signal through 
a TR tube 3 and by a klystron 4. The crystal diode 5 is placed 
in the signal cavity. The local-oscillator frequency is applied 
to the diode through a coupling aperture 6 in the common 
wall. The amount of power fed through the coupling aperture 
is adjusted by a screw 7. The unused power from the local 
oscillator is absorbed by a strip attenuator 8, Serving as a mat- 
ched load for the local oscillator, preventing the generation of 
standing waves in the klystron line and, consequently, elimina- 
ting the shortcoming of the single-cavity mixer. 

The TR tube employed in the mixer has an integral resonator. 

The signal is injected through the glass windows 9 in the 
TR tube and transferred into the cavity. The resonator is tuned 
with a screw 70. 


Review Questions 


1. What type of klystron is used in the mixers of 3-cm 
radar equipments? 

2. How is the crystal diode arranged relative to the electric- 
field vector in a cavity mixer? 
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3. How does an increase in the power of hte local-oscillator 
signal affect operation of the crystal diode? 

4. Why does the local-oscillator signal produce standing waves 
in the cavity mixer? 


83. Balanced Mixers for the SHF Band 


Radar receivers operating at 10 gigahertz mainly use balanced 
mixers which reduce receiver noise to one-half or even one-third 
of that in single-ended, or unbalanced, mixers. 

In the SHF band, mixer noise comes from the crystal diode 
and the local oscillator. In the balanced circuit, it is reduced 
owing to the suppression of local oscillator noise. 

Figure 14.49 shows the circuit of a balanced mixer. It is 
called so because it has a balanced input, a balanced output, 
and diodes connected in push-pull. The local-oscillator signal is 
applied to the diodes in antiphase, and the incoming signal in 
phase. 

In the diagram of Fig. 14.49, the polarities of voltages and 
the directions of currents are shown for a single half-cycle of 
the signal and local-oscillator inputs. Since the signal is applied 
to the diodes in phase, the i.f. currents appear to be in opposite 
directions in the transformer primaries. The secondary coils 
L, and L% are connected in opposition, and the electromotive 
forces induced in them will add together. Since the local-oscil- 
lator voltage is fed to the diodes in antiphase, for the polarities 
shown the oscillator currents and the accompanying noise currents 
will pass through only the upper primary coil, so that the noise 
emf induced in the secondary circuit will cancel each other. 

The key component in the structure of the balanced microwave 
mixer is a hybrid junction, also called the magic-tee (Fig. 14.50). 
The hybrid junction consists of the main waveguide and two 
branch guides connected at right angles to the main one. One 
of the branch guides is joined to a broad side and the other to 


Fig. 14.49. Schematic of 
balanced microwave mixer 
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Fig. 14.50. Propagation of electrical field Fig. 14.51. Balanced microwave 
in the arms of a magic-tee mixer 





a narrow side. The hybrid junction has four arms. A and B are 
output arms, while C and D are input arms. The input arms 
accept signals from oscillators and the output arms are coupled 
to loads. For normal operation of the hybrid junction the output 
arms should be properly terminated. That is, the arms A and B 
must be of equal length and be loaded into similar matched loads. 

Let us see how the hybrid junction operates when excited 
in a TE mode by an oscillator connected only to arm D. In 
Fig. 14.50a the propagation of the electric field is illustrated 
by an imaginary plane in which the lines of force are indicated 
by arrows. The electric field ŒE, established by the oscillator 
in arm D, is divided at the junction into two fields, E; and E%. 
At equal distances from the plane of symmetry these fields in 
the arms A and B are 180° out of phase. 

Thus, in terms of phase inversion the hybrid junction is equi- 
valent to the input transformer in the circuit of Fig. 14.49. 

Now let us take a case where the oscillator is connected to 
the arm C (Fig. 14.50b). The propagation of the electric field 
is indicated by lines of force in two mutually perpendicular 
planes. At the junction of the arms the field E, is divided into 
two fields, E, and E. However, the fields in the arms remain 
in phase at equal distances from the plane of symmetry. 

When the arms C and D are excited simultaneously, the elect- 
romagnetic waves in the output arms A and B will be in phase 
when set up by one oscillator, but they will be in phase oppo- 
sition when they are due to the other oscillator. 

These properties of the hybrid junction make it suitable for 
use as a balanced microwave mixer. 
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Fig. 14.52. External view of Fig. 14.53. Double balanced microwave fre- 
a balanced microwave frequ- quency changer 
ency changer 


The construction of a mixer with a balanced output is shown 
in Fig. 14.51. As is seen, both arms are excited ina TE mode. 
In this case, the oscillator signal is fed into the arm D, and 
the incoming signal into the arm C. 

Figure 14.52 shows a complete frequency changer (including 
a balanced mixer and a local oscillator). The input arms are 
terminated in flanges which connect them to a klystron local 
oscillator and the incoming-signal guide. The aerial signal is 
injected into port /. The opposite port joined to the klystron 3, 
holds a dissipative attenuator 2 which serves to control the 
power fed from the local oscillator to the mixer crystal. The 
crystal cartridges 4 are located in the output arms of the mixer. 

SHF radar receivers with double-channel AFC use frequency 
changers employing double-balanced mixers. 

In fact, this is a combination of two balanced mixers coupled 
to a common local oscillator. An example of such a frequency 
changer is shown in Fig. 14.53 where / is a reflex klystron; 
2 is an attenuator; 3 and 4, crystal catridges. The signal and 
local-oscillator ports are at the flanges 5. 


Review Questions 


1. What noise component is suppressed in a balanced micro- 
wave mixer? 

2. What is the hybrid junction of Fig. 14.49 equivalent to? 

3. What radar receivers use double balanced mixers? 
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84. I.F. Amplifiers for VHF and UHF Receivers 


The i.f. amplifier of a radar receiver should amplify r.f. signals 
of both short and long duration. Consequently, in contrast to 
the i.f. stages of ordinary receivers, the amplifier should be able 
to pass a band of frequencies from one to a few tens of megahertz. 

Owing to the high sensitivity of radar receivers, the i.f. gain 
is 10* to 10°. The i.f. amplifiers of radar receivers use high-mu 
pentodes and transistors. 

The wide-band i.f. amplifiers used in radar receivers may be 
synchronously tuned amplifiers (amplifiers with the single tuned 
circuit in each stage tuned to the same frequency), double stagger- 
tuned amplifiers, triple stagger-tuned amplifiers, and amplifiers 
using mutually coupled (double-tuned) circuits between stages. 

Consider each of these amplifier circuit configurations. 

Synchronously Tuned Amplifiers. These are the usual tuned- 
circuit amplifiers. Their advantage is the fact that the tuning 
is standard; their disadvantage consists in the low Stage gain 
and the difficulty of obtaining a wide bandwidth. 

From tuned-amplifier theory we know that the overall frequ- 
ency response of n amplifier stages is 


Y overats = Y” 


where Y is the ordinate of the resonance curve of one stage. 

=- With a large number of stages, the overall resonance curve 
of the amplifier becomes sharper and the bandwidth narrower. 
This means that in order to obtain the required bandwidth in 
the amplifier, each stage should have a broad bandwidth. With 
a broad bandwidth the Q of the tuned circuit and the stage 
gain are low. 

Double Stagger-tuned Amplifiers. In these amplifiers, the odd 
stages are tuned to one frequency and the even ones to another. 
As a result, each pair is stagger-tuned. A block diagram of such 
an i.f. amplifier and the resonance curves of one pair of stages 
are shown in Fig. 14.54. The overall frequency response for one 
pair is obtained by multiplying the ordinates of the resonance 
curves of the individual stages; the overall resonance curve can 
have one or two humps. Stagger-tuned i.f. amplifiers have a 
flat frequency response and a high stage gain. 

Triple Stagger-tuned Amplifiers. The number of stages in 
amplifiers of this type is a multiple of 3. In each triple group, 
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one is tuned to the centre frequency, while the other two are 
tuned to the frequencies removed an equal amount from the 
centre frequency. The block diagram of an i.f. amplifier and 
its resonance curves are shown in Fig. 14.55. 

Such a circuit provides a still flatter frequency response and 
a greater gain in comparison with the double stagger-tuned circuit. 

The triple stagger-tuned arrangement makes the i.f. amplifier 
more difficult to tune as compared with other circuit configura- 
tions. 

Figure 14.56 shows a stage with a single-tuned circuit. This 
configuration is typical of i.f. amplifiers employing single-tuned ° 
circuits. In contrast to the usual tuned amplifier, it uses parallel 
feed. The coil L in the grid circuit speeds up the recovery of 
amplification after strong interference. The tuned-circuit capaci- 
tance is made up of the input and output capacitances of the 
valves and wiring. R,, connected across the decoupling choke 
L., broadens the bandwidth. L,C, is the decoupling filter in 
the heater circuit of each valve. 

Double-tuned Amplifiers. These amplifiers do not differ in any 
respect from the band-pass amplifiers discussed in Chapter VI. 
Such circuits offer a flat frequency response and considerable 
gain per stage. 

The circuit of a  double-tuned amplifier is shown in 
Fig. 14.57.To broaden the bandwidth shunting resistors Rsm 
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Fig. 14.56. Basic circuit of i.f. amplifier stage employing a single tuned 
circuit 


and Rsm are connected across each side of the double-tuned 
circuit. 

In VHF and UHF receivers the triode or pentode mixer is 
usually loaded into a tuned circuit similar to one in the suc- 
ceeding i.f. amplifier stages. Therefore, the mixer stage may 
be considered to be an amplifier stage which is a part of the 
entire i.f. circuit, differing from the other stages only in the 
mutual conductance and output capacitance of the valve. 

In wide-band i.f. amplifiers it is important to secure the 
stability of frequency response, bandwidth and gain. 

On the other hand, in wide-band amplifiers operating at a high 
intermediate frequency (tens of megahertz) the capacitance of 
the tuned circuits becomes small and is chiefly determined by 
the interelectrode capacitances of the valves. Because of this, 
valve replacement in such amplifiers may considerably change 
amplifier parameters. 

Of the circuit configurations discussed the best stability of 
gain and frequency response is offered by the double-tuned 
circuit arrangement. 





Fig. 14.57. Basic circuit of double-tuned i.f. amplifier 
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Review Questions 


1. What factor affects the shape of the resonance curve of 
a double stagger-tuned amplifier? 

29 How will a decrease in R,, affect the bandwidth of the 
circuits shown in Figs. 14.56 and 14.57? 

3. How will the shape of the resonance be affected by a 
reduced spacing between the coils in the double-tuned circuit? 


85. I. F. Amplifiers for SHF Receivers 


From analysis of the functional units of radar receivers we 
have established that an i.f. amplifier for the SHF band consists 
of a preliminary amplifier and a main amplifier. In its circuitry, 
the main i.f. amplifier does not differ in any respect from the 
i.f. amplifiers employed in the VHF and UHF receivers discussed 
earlier. On the other hand, the i.f. preamplifier, being the input 
of the i.f. amplifier, mainly determines the noise quality of the 
receiver, this is the decisive factor in the selection of the 
circuit configuration for it. 

The i.f. preamplifier comprises a coupling network which may 
be single- or double-tuned, and a low-noise amplifier. The first 
two stages of the i.f. preamplifier (see Fig. 14.24) typically 
are earthed-grid circuits. The third and, usually, the last stage 
of the i.f. preamplifier have a cable transmission line to convey 
the i.f. signal to the main i.f. amplifier. The coupling network 
which applies the i.f. signal from the crystal mixer to the grid 
of the first amplifier valve is in fact a matching transformer. 

Correct selection of the coupling network and of its compo- 
nents affects not only the energy transfer to the input of the 
first valve, but also the noise factor of the i.f. amplifier. These 
requirements are generally met by a double-tuned circuit which 
is widely used in radar receivers. In the most commonly used 
circuit configuration the coupling between the primary and 
secondary side is by mutual inductance (Fig. 14.58). 


Fig. 14.58. Double-tuned coup- 

ling input stage network of i.f. 

amplifier, employed in a SHF 
receiver 
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Fig. 14.59. An i.f. preamplifier stage with a coaxial transmission line 


With a balanced mixer, the circuit of Fig. 14.49 is employed. 

The double-tuned coupling network, as compared with the 
single-tuned one, secures a broader bandwidth at the same 
noise leyel, which is very important for a wide-band receiver. 
Such a coupling network usually has an unsymmetrical resonance 
curve, because each tuned circuit is shunted by a different 
impedance, one by that of the mixer output, and the other 
by that of the next valve input. The difference in parameters 
between valves is also responsible for the lack of symmetry. 

Consider operation of the i.f. preamplifier stage employing 
a coaxial transmission line shown in Fig. 14.59. The transmis. 
sion line is a length of r.f. cable inserted in the anode circuit 
of the valve in series with the tuned-circuit coil through a co- 
upling capacitor. This cable conveys the r.f. energy from the 
i.f. preamplifier to the main i.f. amplifier. The input of the 
first valve in the i.f. amplifier is connected to the output of 
the cable. For maximum power transfer the cable must be loaded 
into an impedance equal to the wave impedance of the feed- 
er, i.e. 

Pp=R' oes 

where Rj. is the equivalent resonant resistance of the tuned 
circuit K,, with allowance for the fact that it is shunted by 
the shunt resistance R,, and the input resistance R,, of the 
valve. Rye. may be found from Eq. (6.5). 

Then the condition for a perfect match is 


Rees 
P;= Roes Ree (14.39) 
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Fig. 14.60. Equivalent circuit 
of a stage with a coaxial trans- 
mission line 





The matching condition is satisfied by the selection of the 
proper value of Rsa 


= Roes 
Rsr= Roea H Raez i (14.40) 
Ps Rin 


where the resonant resistances of both tuned circuits may be 
assumed to be equal, Roo: = Roes- 

In analysis of the resonance properties of such a stage it should 
be remembered that the tuned circuit K, is shunted by the low 
wave impedance of the cable. Due to this, its bandwidth, as 
compared with that of the whole i.f. amplifier, is widened 3 
to 4 times. Therefore, in the equivalent circuit, the stage along 
with the tuned circuit K, may be replaced by the wave impe- 
dance of the cable p; The equivalent circuit thus obtained 
(Fig. 14.60) is a single-tuned circuit, which, as far as the reso- 
nance properties are concerned, is the same as the stage with 
a cable transmission line. 


The effective or loaded Q of such a tuned circuit is: 
1 8 
Qe = nit e Fro Fo UN 


where: 
C=C. + Cout t Ce i 
r = loss resistance of the coil (these losses are frequently 
neglected) 
r, =resistance required to secure the necessary value 


of Q- 
To determine the stage gain K,, the output voltage at reso- 
nance is found 


V= I Py 
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The current in a parallel resonant circuit at resonance is 





1,=Q.,,lq. In turn, the anode current will be l= He f 
After substitutions, the gain will be 
adia o p= 14.42 
K, Ve Ra Q. Ps BQ o/s ( ) 


Now we are in a position to discuss the design of the i.f. 
amplifier in greater detail. In the SHF band, this involves the 
calculation of the noise factor of the i.f. amplifier, design of 
the double-tuned input Stage, and design of the amplifier 
proper. 


Review Questions 


1. What is the main function of the i.f. preamplifier in SHF 
receivers? 

2. How is the output impedance of the mixer matched to 
the input impedance of the Ist Stage in the i.f. amplifier? 

3. What type of resonant circuit is equivalent to a stage with 
a coaxial transmission line? 


86. The Noise Factor of I.F. Amplifiers in SHF Receivers 


As mentioned in Sec. 77, the noise factor of an i.f. amplifier 
with the cascode arrangement at its input depends on the noise 
of the first stage. In turn, the noise of the first stage is deter- 
mined to a considerable degree by the components of the input 
stage and by its operating conditions. In analysis of the noise. 
properties of an i.f. amplifier it is usual to consider coupling 
network noise, first-valve noise, and also fluctuation noise in 
the output resistance of the crystal mixer. 

Thus, all the “noisy” components form a noise circuit shown 
in Fig. 14.61. For convenience, it is drawn up in terms of 
conductances. Instead of a constant-voltage generator in series 


Fig. 14.61. Equivalent noise cir- f 
cuit of if. amplifier coupling in l i 
networr $ 





with its internal resistance, it uses a constant-current gene- 
rator in parallel with its internal conductance, and all resistan- 
ces are replaced by conductances. The coupling network is a 
double-tuned circuit. 

In the equivalent circuit of Fig. 14.61, and in the subsequent 
calculations, the following notation is used: 

C,, C,, L,, La are the capacitances and inductances of the 
tuned circuits; 











l„ is the current generator representing the mixer; 

Gn =e is the conductance of the mixer; 

Gia= ae is the resonant conductance of the primary; 

Gi = a is the resonant conductance of the secondary; 
Gin = Re is the input conductance of the first-stage valve; 


m=} is the transformation ratio of the coupling network. 


2 

The output resistance of the mixer is usually small, about 
400 ohms. Therefore the resonant conductance Gx, of the primary 
is negligible in comparison with that, Gm, of the mixer. 

According to Vilensky, the minimum noise factor of the 
circuit in question may be obtained when the output resistance 
of the mixer is matched to the input resistance of the valve 
and the resonant conductance of the secondary has a definite 
optimum value Gyoop1- These considerations determine the proce- 
dure for the calculation of the noise factor. 


Given: 


1. Type of valve in the first stage. 
2. Type of crystal mixer. 


To Find: 


1. The optimum resonant conductance of the secondary of the 
coupling network, Gyeopt- 

2. Transformation ratio of the coupling network in the case of 
perfect match, m,,. 

3. Minimum noise factor, N;p of the i.f. amplifier. 
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Design Procedure: 


l. Find the optimum resonant conductance of the secondary 
from considerations of the minimum noise factor 


l 
C ioi = Gi (y 1) (14.43) 


where R, is the noise resistance of the first valve. 
2. Determine the transformation ratio of the coupling network 
from considerations of matching: 


ma =V ee (14.44) 


m 





3. Find the minimum noise factor of the i.f. amplifier for per- 
fect match 


Nip=24+8VR,G, (14.45) 


87. Design of a Double-tuned Coupling Network for I. F. Amplifiers of 
SHF Receivers 


In the design of a double-tuned coupling network; it is neces- 
sary to select its parameters and the coupling between them in 
such a way that the noise factor of the i.f. amplifier has a mini- 
mum value (determined in Sec. 86). Besides, the coupling net- 
work should have the specified bandwidth. 


Given: 


1. The optimum resonant conductance, Gkzopt» Of the secondary. 

2. Transformation ratio of the coupling network for perfect 
match, Mp. 

3. Bandwidth, 2AF,, cip- 


To Find: 


1. Capacitances of the tuned circuits. 
2. Inductances of the tuned circuits. 
- 3. Q of the tuned circuits. 
4. Optimum coupling. 
5. The resonance curve and bandwidth. 


14-487 
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Design Procedure: 


1. Find the total capacitances of the tuned circuits from con- 
siderations of stable bandwidth after valve replacement, assuming 
that the spread in capacitances is 0.1 (Coat + Cine) 

Cout + Cine fi 
C AF (14.46) 
where & is the coefficient allowing for the coupling circuit confi- 
guration. For a double-tuned circuit, 6=0.4 to 0.5. | 

Assume that C=C,. Determine the capacitance of the tuned- 

circuit capacitor Cx defined as 


C2616 MEE oh 


where Cine = input capacitance of the first valve : 
Cp = capacitance of the wiring taken equal to 3-5 pico- 
farads. a 
Assuming from structural considerations that the tuned-circuit 
capacitor C, has the same capacitance on both sides, the total 


capacitance of the primary will be | 
C,=Crt+ ORTE E oa x (14.47) 


where C;4,; œ= 10 picofarads is the output capacitance of the crys- 
tal diode eos see 
Can = 2-3 picofarads is the distributed- capacitance of the 
5 wiring. : l 
2. Find the optimum unloaded Q of the secondary Q opt sêcu- 
ring the minimum noise factor in the i.f. amplifier 


Qeopt =j R sezopt OC, (14.48) 
where 
ee a 

= GKeopt 
3. Find the loaded Q of the secondary,. considering the shun- 
ting effect of the valve | | 


Roevopt E= 


eLa - (14.49) 
Noetopt | : 
ke-r 


4. Find the loaded Q of the primary, considering ‘the shun- 
ting effect of the crystal diode 


ve Ries = C Roer 


Qaes = 
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Since 

Sx, RoeiR mixer 
Roe = Roe + R mixer 
and noting that 
i Roe: > R mixer 

we obtain 
Roe > R mixer 
Therefore i 
Qies za OCR mixer (14.50) 
In the calculation of the coils the unloaded Q of the tuned 


circuit should be taken equal to Qeopt- 
5. Check the bandwidth of the coupling network 


l l 


> Qiey  Qaej 
2AF n = h m K; 
en= fo v3 (14.51) 
It should not markedly differ from the value stipulated in the 
- specifications. a ce 4 
6. Determine the inductance of the tuned circuits: 
l 
L = OC, 
1 
L=, 


7. Find the coefficient of coupling between the tuned circuits 
securing the minimum noise factor o 


__ |G mixer Eo 
kopt a VCC, (14.62) 
_ The next step in design is the i.f. amplifier usually comprising 
a preamplifier and a main amplifier. In the Soviet Union, the 
most commonly used method is one due to Volin discussed in 
detail in his /. F. Amplifiers. His method assumes that an am- 
/plifier consists of a number of. stages each of which has the same 
gain that would be had by an amplifier with a bandwidth equal 
to that of the whole amplifier. The gain of such a stage is refer- 
red to as unit gain. . eres 
Volin’s method is equally applicable to amplifiers using single- 
tuned circuits, double-tuned circuits, and their combinations, . 


14* 
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Calculations are reduced to the use of tables and charts. It 
may be added in passing that in cases involving the cascode 
configuration and also a stage with a coaxial transmission line to 
the i.f. preamplifier, both should be treated as those using single- 
tuned circuits. The unit gain of a stage with a coaxial transmis- 
sion line is given by 


K anit = Em oP p/2AF (14.53) 


derived from Eq. (14.42) after substitution of f,/2AF for Qer- 
For the cascode circuit, the unit gain is 


K anit = &m/20C, (2AF) (14.54) 


In both cases, 
2AF = bandwidth of the entire amplifier 
gn, = mutual conductance of the primary 
C,=capacitance of the secondary. 


88. Video Detectors 


In a radar receiver, a video detector is a stage where the 
intermediate-frequency signals are converted into signals at the 
video frequency. In other words, the r.f. pulses are converted 
into d.c. voltage pulses, known as video pulses (Fig. 14.62). The 
non-linear elements used in video detectors may be valves and 
crystal diodes. 

A video detector may be of the anode-bend, infinite-impedance, 
‘or diode type. 

In the detection of rectangular pulses it is important to pre- 
serve the shape of the envelope of the detected signal. In this 


á f Rf pulses 


y : 
| Video pulses 


zt 


Fig. 14.62. R.f. pulses and video Fig. 14,63. Circuit of a single-ended diode 
pulses detector 
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respect, the diode detector is best, because its detection characte- 
ristic remains linear within comparatively broad limits, from 1 or 
2 volts to tens of volts. However, the diode detector suffers from 
certain disadvantages. For one thing, in contrast to anode-bend 
and grid-leak detectors, it does not amplify (its voltage gain is 
less than unity). Its input resistance is very low, because of which 
the tuned circuit of the last i.f. stage has to sustain a conside- 
rable load. 

Yet, the diode detector is widely used for video detection in 
both single-ended and push-pull configurations. 

Single-ended Diode Video Detector. The r.f. signal pulses are 
taken from the tuned circuit of the last i.f. stage whose coil L, 
is shown in the diagram of Fig. 14.63. The diode load is R,, 
bypassed for the intermediate frequency by C. The video pulse 
is applied to the grid of the following stage through a filter RFC om 
which blocks the intermediate frequency. Before the signal reaches 
the grid of the limiter valve, it has to pass through the C R, 
network which transmits short pulses but stops interfering pulses 
of long duration. 

Let us examine in greater detail the pulse waveform at the 
detector output, i.e. across the detector load. The detection of a 
rectangular radio pulse is shown in Fig. 14.64. The diode accepts 
an r.f. wave whose envelope has a rectangular shape. For simpli- 
city, we assume that the static characteristic of the diode is 
idealized and passes through the origin of coordinates. Hence, 
when no signal is applied, the diode current is zero. When an 
r.f. signal appears, the usual detection process takes place by 
current cutoff, and r.f. current pulses appear in the anode circuit. 







Average current 
through diode 


Current through 
eststor a 


l ı Ltscharge 
CUIT ET 








Fig. 14.64. Detection of rectangular radio pulses 
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Fig. 14.65. Push-pull diode detector 


The highest average current i,, flowing through the diode cor- 
responds to the first anode current pulse. This current only charges 
the capacitance connected across the load Rz, while the current 
flowing through the load is equal to zero. On the following pul- 
ses, only a part of the detected current goes to charge the capa- 
citance; the remaining part of the current flows through the resis- 
tance, building up across it a bias voltage which shifts the 
operating point to the left. After a certain time interval £, which 
is the pulse rise time, the system attains a state of equilibrium, 
the capacitor is fully charged, and the whole of the diode cur- 
rent is flowing through R,. The pulse rise time is chiefly deter- 
mined by the time constant qt, = Raa C, where Raa is the 
dynamic resistance of the diode. When the pulse ceases, the 
capacitor C begins to discharge through Rz. As a result, the cur- 
rent will cease flowing through R, after the time it takes the 
capacitor to discharge. The pulse fall time is determined by the 
time constant t, = R,C. 

Thus, the video pulse differs from the i.f. pulse by a steeper 
leading edge and a more gradual trailing edge. Diodes for video 
detection should have a low dynamic resistance Raa and a low 
anode-cathode capacitance. 

Push-pull Diode Detector. This circuit (Fig. 14.65) differs 
from the single-ended one in that it usesa balanced input trans- 
former and two diodes. The push-pull circuit is advantageous in 
that the i.f. voltage at the detector output is considerably 
lowered, since the first harmonics of the i.f. current from each 
arm of the circuit flow through the load in opposite directions, 
cancelling each other. The push-pull circuit has a higher input 
resistance. 

The shortcomings of the circuit are its complexity and lower 
voltage gain, as compared with the single-ended configuration. 
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Review Questions 


1. What is the major advantage of the diode detector over 
other types of detectors? 

2. What is the advantage of a balanced detector over an un- 
balanced one? 

3. How will an increase in the C of Fig. 14.63 affect the leading 
edge of the detected pulse? 


89. Calculation of a Single-ended Video Detector 


Given: 


1. Pulse duration, Tp. 

2. Detector input voltage, V,,. 

3. Pulse rise time, ¢,,, in the detector. 

4. Intermediate frequency, fi 

5. Equivalent resonant resistance of the i.f. amplifier, R 
with allowance for the shunting effect of the detector. 


oe? 


To Find: 


1. Type of valve. 

2. Circuit parameters C, R,, RFC, C,and R, (see Fig. 14.63). 
3. Detector gain, Ka. 

4. Detector input resistance, Ry ;n. 

5. Detector output voltage, V4 out- 


Design Procedure: 


1. Select the valves or crystal diodes from a manual. 

2. Determine the capacitance C bypassing the load, assuming 
that the r.f. voltage is applied. directly to the diode. For this 
purpose, C must be such that 


C>10C, 


3. Determine the load resistance such that the pulse due to 
the discharge of C through R, has a sufficiently steep trailing 
edge, that is: 


t 
R, <y (14.55) 


where. the fall time of the pulse is t, < 0.27. 
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4. Find R,/R, and determine cos0,,, the steady-state value of 
cos 8, from the plot of Fig. 14.66. 

5. Find the input resistance of the detector under steady-state 
conditions from 


RL 

Ra in = Foos 04 (14.56) 

6. Determine the necessary resonant resistance of the tuned 
circuit of the preceding stage so that 


Roe =—5— (14.57) 
oe 
> Ra in 


From the value of R,., find the damping factor of the un- 
loaded tuned circuit 
] 
d= irha 


which must be realisable. If d is too small, it should be increa- 
sed by changing the parameters of the tuned circuit. 
7. Find the pulse rise time 





ta œ= 5C |2R.+ Rie (1 = Ra) | cos Os, (14.58) 
The value thus obtained (¢,,) should not markedly differ from 
the specified value. If it happens to be much smaller, the capa- 
citance C should be increased along with R,, in conformity with 
Eq. (14.55). If ¢,, exceeds the specified one, it will be a good 
plan either to decrease R, or to use tapped-down connection bet- 
ween the preceding stage and the detector. To decide which is 
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preferable, it is necessary to find the critical value of the coup- 
ling parameter 


2Ra 


Merit = —7 “oR, y (14.59) 
eÇ- 


If Mait <l, a tapped-down connection should be used. 

Using Eq. (14.58), determine the new values of rise time at 
different values of m, up to M= Merit With Rie substituted for 
Rye = mR. Regardless of how t,, has been reduced, adjust the 
previously obtained values of cos6,,, Rajn and R,,. 

8. Determine the gain of the detector 


K,=mcos6,, (14.60) 
9. Find the voltage at the detector output 
Va out = KW in (14.61) 


10. Find the inductance of the r.f. choke 
L _ l 
RFC — 4n? CRFC 
where f is the resonant frequency of the choke 


and Cprc is the capacitance of the choke, equal to about two to 
four picofarads. 

11. Determine the parameters of the coupling circuit. 

On putting R,=0.3 to 1 megohm, the capacitance will be 
given by 


(14.62) 


C, = 72 
eGR, 


where G is the limiting droop of the pulse top, equal to 0.05-0.2. 





90. Automatic Control in Radar Receivers 


Automatic Gain Control. tn Chapter XII we have discussed 
automatic gain control (AGC) used in CW (continuous-wave) work. 
AGC in pulse receivers has a number of features of its own. For 
one thing, in pulse radar receivers the wanted signal exists 
during a relatively short time, determined by the duty cycle of 
the pulse train. Between the signal pulses, the receiver may pick 
up unwanted signals which may be of the same frequency as the 
wanted one, while their amplitude may be equal to, or exceed, 
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LF amplifier Sensitivity - thine 
control 






input 


. local 
oscillator 
Fig. 14.67. Block diagram of a receiver with sensitivity-time control 


that of the signal. To discriminate against such unwanted sig- 
nals, a more sophisticated AGC system has to be used. | 

One form of sophistication is what is variously called as 
time-gain, gain-time control, of sensitivity-time control. It ope- 
rates continuously and on a time basis, increasing the gain of 
the receiver only when an echo is to arrive at the receiver. The 
block-diagram of a radar receiver using a sensitivity-time-control 
(STC) circuit is shown in Fig. 14.67. 

Now suppose that the receiver picks up both the wanted and 
a sustained unwanted signal. If the unwanted signal is much 
weaker than the wanted one, it can be readily discriminated 
against with manual gain control. If not, there must be some 
means in the AGC system that would increase the gain quickly 
so as not to miss the signal and reduce it quickly in order to 
suppress unwanted signals (also referred to as clutter). 

When the signal and clutter are allowed to beat together, the 
beat frequency will have an envelope retaining the waveforms of 


Hoon 
iit 





Fig. 14.68. Waveforms of Fig. 14.69. Reception of the signal and clut- 
the signal and clutter ter with normal AGC 
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t 
Fig. 14.70. Reception of the signal and clutter with IAGC 


both, as shown in Fig. 14.68. If the AGC system were driven 
by clutter, the signal would be completely drowned at the recei- 
ver output, as shown in Fig. 14.69. This is where another form 
of sophistication is introduced into AGC, known as instantaneous 
automatic gain control (abbreviated to [AGC). 

The IAGC circuit responds to variations of the mean clutter 
level by applying an additional negative bias to the controlled 
stage so that clutter is reduced and the waveform of the signal 
envelope is retained (Fig. 14.70). 

Obviously, the effect of clutter will be felt only if the diffe- 
rence in intermediate frequency between clutter and Signal lies 
within the passband of the i.f. amplifier. This suggests the form 
of the IAGC circuit, such as shown in Fig. 14.71 where it covers 
two stages of the i.f. amplifier. 

Referring to Fig. 14.71, the output voltage from the second 
stage is applied to the input of the detector which generates a 
negative output voltage. The detector output is fed to the grid 
of the cathode follower V,. The voltage developing across the load 
of the cathode-follower is applied to the grid of V, as negative 
bias. As a matter of record, negative bias may also be additio- 
nally applied to the grid of the stage coupled to the detector. 

Automatic Frequency Control. Radar receivers may receive 
either the echoes of the signals transmitted by the same radar 
station, or the signals radiated by radio beacons. 
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Fig. 14.71. IAGC circuit 


In the first group of radar receivers, the function of AFC is 
to maintain a constant difference in frequency between the tran- 
smitter and the local oscillator. 

The function of AFC in the second group is that of maintai- 
ning the frequency of the local oscillator constant. 

If a receiver is designed for both services, its circuitry should 
have provisions for both functions of AFC. 

In pulse SHF radar receivers shown in block-diagram form 
in Fig. 14.2 there is a separate AFC unit. For its operation, it 
depends on the fact that the frequency of the klystron local 
oscillator is a function of the voltage, V,, at its repeller electrode. 
However the repeller voltage also affects the power output of the 
klystron (Fig. 14.72). When the frequency of the local oscillator 
deviates markedly from its assigned value, the power output of 
the klystron is considerably reduced. Therefore the operating 
voltage V, (op) at the repeller electrode is selected in such a way 
that as the klystron frequency varies within the limits necessary 
for AFC, the power output changes by not more than 50 per cent. 

Figure 14.73 shows a simplified AFC circuit for the klystron. 
The negative voltage at the repeller electrode is made up of the 
voltage taken from R, and the voltage drop across the anode load 
resistance R, of valve V, which operates as ad.c. amplifier. The 
control grid of the valve is directly connected to the discrimi- 
nator output. Hence, any change of voltage at the discriminator 
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Fig. 14.72. Frequency and Fig. 14.73. AFC circuit of the klystron 
power of klystron as func- with d.c. amplifier 
tions of repeller voltage 


output will change the potential at the grid of V,, thereby cau- 
sing a change in the voltage drop across the anode load resistance R,. 

The stage parameters and operating voltages of V, are so 
selected that changes in the voltage drop across R, will be 
sufficient to keep the oscillator frequency within the specified 
limits. 

The reliability of AFC depends on the limits within which 
the oscillator frequency should be controlled and the rate ‘of 
control. If the transmitter frequency varies more slowly than the 
AFC circuit can operate, even a considerable shift in frequency 
will be corrected by the AFC circuit. If the opposite is true, the 
AFC circuit will be able to perform its function only when the 
deviation from the assigned frequency is small. Therefore, SHF 
radar receivers use a circuit which gets around this difficulty. 
Known as “swept” AFC, it uses a sawtooth generator which 
swings the local-oscillator frequency over a range determined by 
its amplitude, so that the intermediate frequency is swept through 
its assigned value. The sawtooth generator is controlled by pul- 
ses from the discriminator. The negative pulses have no effect 
on it, but the positive pulses terminate the sawtooth wave 
shortly after it has swept the intermediate frequency through 
the assigned value. In this way the receiver is held on tune. 
The amplitude of the sawtooth wave is chosen so that the 
total swing does not exceed the acceptance band of the recei- 
ver, and the rate of change of the klystron frequency is lower 
than that of the transmitted pulses. 
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Fig. 14.74. “Swept” AFC circuit using a phantastroh sawtooth generator 


In some cases, this sawtooth sweeping system is arranged in 
two steps. When the receiver is well off tune, a large sawtooth 
voltage swings the klystron frequency slowly and by a wide 
margin to find the correct frequency. As soon as the correct 
frequency is found, a second low-amplitude and faster sweep takes 
over and disables the high-amplitude sweep, while the receiver 
is constrained to be on tune. The high-amplitude sweep takes 
over again each time a large frequency shift takes place. 

The circuit of a “swept” AFC system is shown in Fig. 14.74. 
The operating voltage at the repeller electrode of the klystron 
local oscillator is set mainly with a potentiometer, R,. The 
repeller electrode accepts both the negative voltage V, and the 
sawtooth sweeping voltage coming via R, from the anode load 
of the valve V, arranged in a phantastron circuit. The phanta- 
stron oscillator is controlled by the positive pulses taken from 
the anode load R,, of the valve V,. The negative pulses have 
no effect on V,, but the positive pulses appearing across Rin 
cause the diode D to conduct so that a negative voltage deve- 
lops across R,. This voltage is fed via R, to the control grid 
of V,, and the sawtooth wave is terminated. 


Review Questions 


1. Why do pulse radar receivers use sensitivity-time control? 
_ 2. What is the purpose of 1AGC? 
- 3. How can the klystron frequency be controlled? 

4. What is the purpose of “swept” AFC? 
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SUMMARY 


l. Radar receivers serve to receive weak signals reflected 
from targets. There are VHF-UHF and SHF radar receivers, 
= differing in circuitry and construction. 

2. Radar receivers have a broad bandwidth which is neces- 
sary for the reception of short rectangular pulses. 

3. Sensitivity of radar receivers in the microwave region is 
limited by internal (receiver) noise which masks the Signal on 
the indicator screen. i 

4. The basis of all radar receivers is the superheterodyne 
principle. 

5. Radar receivers use automatic frequency control (AFC). 
The use of this circuit is necessitated by the frequency insta- 
bility of the transmitter and of the local oscillator in the receiver. 

6. The aerial-input circuits of VHF and UHF receivers not 
only amplify the signal but also secure a maximum signal-to- 
noise ratio. This is ensured by matching the aerial to the 
transmission line and the line to the input circuit of the receiver. 

7. Like the aerial-input circuits, the microwave amplifiers 
must be as noise-free as practicable. Of all amplifier configura- 
tions, the noise level is lowest in the earthed-grid amplifier. 

8. Frequency conversion in the VHF and UHF bands uses 
pentode, triode and diode mixers. 

9. In the SHF band semiconductor diodes serve as mixers. 

10. I.f. amplifiers of radar receivers have a broad bandwidth 
and high gain. 

11. Radio pulses are converted into video pulses by video 
detectors. Among existing detector circuits use is mostly made 
of the diode detector. 


= Problems 


14.1. Find the available sensitivity P, ay Of a receiver if the 
noise factor N=13db, the bandwidth 2AF =1 megahertz and 
T = 300° K. 

Answer: P, ,,=8.3x10-" milliwatt. 

14.2. Find the maximum transfer factor of the aerial-input circuit 
if the input resistance of the valve R;, = 1,500 ohms, R} =50 ohms. 

Answer: K nax = 2.74. 

14.3. Find the loaded Q of the aerial-input circuit if R,, = 
= 1,500 ohms and p = 150 ohms. 

Answer: Q,,=5. 
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14.4. Determine the maximum gain of a stage employing 
a KIN valve, (U.S. equivalent, 6AK5), if the anode load re- 
sistance R; =3,000 ohms and f= 200 megahertz. 

Answer: K max = 6- 

14.5. Find the bandwidth of a stage with M =0.7 and for 
the data of Problem 14.4, with optimum coupling of the tuned 
circuit on the grid side. Ci, =4 picofarads; Cout = 2 picofarads; 
C, =8 picofarads. 

Answer: 2AF = 10 megahertz. 








CHAPTER XV 
VIDEO AMPLIFIERS 





91. General 


Video amplifiers are amplifiers which operate in the video- 
frequency range from d.c. to several megahertz. In some cases, 
the frequency range of a video amplifier may extend to tens or 
even hundreds of megahertz. 

A video amplifier may be used to amplify pulses in radar 
and periodic visual signals in television. In a radar receiver the 
video amplifier is connected between the detector and the CR 
tube. In TV receivers, it is connected between the detector and 
the picture tube. 

Besides a broad bandwidth, video amplifiers must introduce 
negligible phase distortion because the eye is very sensitive to 
changes of phase between the components of a complex light 
signal. 

The electric properties of a video amplifier are evaluated in 
terms of the frequency and phase characteristics, and the shape 
of the pulses appearing on the screen. The point is that when 
a rectangular pulse is applied to the input of a video amplifier 
(Fig. 15.1), because of the distortion introduced by the ampli- 
fier, the screen grid will display pulses with a waveform other 
than rectangular. 

Performance of a pulse amplifier can be analysed in terms 
of the following pulse characteristics (see Fig. 15.1): 

(1) pulse rise time, ¢,; 

(2) pulse fall or decay time, tz; 

(3) overshoot, AV,; 

(4) undershoot, AV,; 

(5) pulse sag or droop, AV,, (Fig. 15.2). 

Pulse rise time t, is the interval between the instants at 
which the leading edge of the voltage pulse at the output of 
the amplifier first reaches 10 and 90 per cent of its steady-state 
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Overshoot 


| D| orershoot 





£ 


ia S) 
Fig. 15.1. Rectangular pulse and its cha- Fig. 15.2. Long rectangular pulse 
racteristics 


value V,, in response to a step input + V,,. The total rise time 
in a multi-stage video amplifier depends upon the pulse rise time 
of one stage and also the number of stages. The greater the 
number of stages, the greater the total rise time. 

Pulse fall or decay time tg is the interval of time required 
for the trailing edge of the voltage pulse at the amplifier output 
to decay from 90 to 10 per cent of its steady state value V,, in 
response to a step input —V,,. 

The rise time ¢, and fall time ¢, are usually almost equal 
to each other 


tp ait, 


Overshoot AV, is the initial transient response to a unidi- 

rectional change in input, which exceeds the steady-state response. 

Voltage overshoot is usually expressed in terms of percentage 
overshoot 

AV, 

oe Vst 


Undershoot AV, is the initial transient response to a unidi- 
rectional change in input which precedes the main transition 
and is opposite in polarity. 

It is commonly expressed as percentage undershoot 





100% 


§ —AV« 1000 
=N 100% 
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Pulse droop or sag AV,, is a distortion of an otherwise essen- 
tially flat-topped rectangular pulse characterized by a decline of 
the pulse top. It is expressed in terms of the percentage droop 
or sag 


_ AVs 
ô = 7% 100% 


Requirements for Video Amplifiers. The requirements that 
video amplifiers should meet depend on their expected applica- 
tion and function. 

The basic requirements are: 

(1) The output voltage of the amplifier must be within the 
limits stipulated in the spesifications. 

(2) Rise and fall time of a rectangular pulse at the ampli- 
fier output must not exceéd the specified values. 

(3) Voltage overshoot and undershoot at the amplifier output 
must be kept to a minimum. 

(4) The droop of the longest pulse should not be greater 
than that specified. 

_ (5) The operating voltages of the amplifier valves and indica- 
tor tube between pulses should not noticeably differ from the 
quiescent (no-signal) state (d. c. reference). . 

(6) Changes in the amplifier performance caused by valve 
replacement must not exceed the limits allowed by the specifi- 
cations. 

Examine some of these requirements in greater detail. 

1. The range of output voltage between V „in and V pas depends 
on the type of indicator used. In indicators using intensity mo- 
dulation of the beam to indicate the target coordinates the control 
voltage usually changes from V,,;, = 20 volts to V,,,,=40 volts. 
_ In indicators where the beam is deflected in position to indicate 
the target coordinates, the control voltage usually ranges from 
20-50 volts to 100 volts. Thus, the output voltage of the signal 
must not change more than two to five times. 

The voltage that the detector feeds to the video amplifier 
usually varies within much broader limits (tens or even hund- 
reds of times). To avoid an overload on the amplifier and 
malfunction of the indicator, the input stage of the video ampli- 
fier usually operates as a limiter. The amplitude of the output 
voltage is limited by causing the input stage to operate in such 
a way that the amplitude characteristic of the stage, V oat =F (Vin) 
falls off sharply beginning with a certain value of input voltage. 
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Fig. 15.38. Amplitude characte- 0 
ristic of the limiter 





7 Vin 


The amplitude characteristic of such a stage is shown in Fig. 15.3. 
As long as the input voltage rises to V,, the output voltage varies 
in proportion to the input voltage. l 

When the input voltage is V,, the output voltage is a maxi- 
mum, Vout max: Then, as the input voltage keeps rising, it incre- 
ases insignificantly. Knowledge of the amplitude characteristic 
makes it possible to specify the minimum voltage that may be 
applied to the input of the stage from the detector. As already 
noted, in tubes with intensity-beam modulation the maximum 
and minimum control voltages are in the ratio 2-to-1. Therefore, 
for maximum output voltage the input voltage should be V,, 
and for output voltage half as great, the input voltage should 
be at least . 


Vin min T 0.5V, 
In tubes with a deflected beam in which the maximum and 
minimum control voltages are in the ratio 2-to-1 to 5-to-1 the 
minimum input voltage should be 
1 
. Vin man ore Vo i 
When a negative voltage is applied_from the detector, limiting 


is accomplished simply by cut-off. Figure 15.4 gives the circuit 
of the limiter stage. Figure 15.5 shows its waveforms. 





Fig. 15.4. Limiter stage 
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Fig. 15.5. Limiter waveforms 


In the no-signal state, the grid voltage is E,=0, the anode 
current is a maximum and equal to the quiescent current Te 
Negative pulses are applied to the input of the stage from the 
detector. When the negative input voltage becomes V, the 
valve is driven to cut-off, the anode current drops to zero, and 
so does the voltage across the anode load resistance R,, while 
the anode voltage becomes a maximum equal to the output 
voltage of the filter R,C,. Even if the negative input voltage 
continues to increase, the anode voltage of the cut-off valve 
will remain practically unchanged for the duration of the pulse. 
Therefore, no matter how much the negative input voltage increa- 
ses, the output voltage pulse will remain constant in magnitude. 

2. The total. time of rise ¢, and fall t4 of the pulse at the 
output of the amplifier is usually not more than one-tenth of 
the pulse duration 


ty tot = tato = 0.17 


The time of pulse rise and fall can be even smaller. As will 
be shown later, it depends upon the anode load resistance R, 
and the distributed capacitance C, of the stage. 

3. Overshoots and undershoots are caused by the reactive 
elements in the circuit and by the droop of the pulse top (in 
the case of undershoot). The capacitive and inductive reactances 
present in the various stages may form resonant circuits. The tran- 
sients arising in them produce voltages which may combine with 
the pulse voltage. The voltage overshoots should not exceed 10 per 
cent of the steady-state value of the signal voltage. 
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4. The droop of the pulse top (see Fig. 15.2) is mainly 
observed during the passage of long pulses through the stage. 
A change in the output voltage within the pulse duration can 
vary the brightness of the image on the tube screen. The droop 
of the pulse from the output of one of the preceding stages can 
cause an undershoot in the following stages, thus upsetting 
operation of the indicator tube. The pulse, droop is caused, as 
a rule, by the low time constants of the coupling circuit, screen- 
grid circuit, and the self-bias network R,C, defined as follows: 
— time constant of the coupling circuit 


te =R gl x 
— time constant of the screen-grid circuit 
l t= RC, 
— time constant the self-bias network 
t= RC, 


As any of these time constants is increased, the droop of the 
pulse decreases. 

If the time constant t, is small, a long pulse will cause the 
blocking capacitor C, to discharge through R,, and the screen- 
grid voltage, as well as the anode current, will decrease. This will 
cause a decrease in the output voltage. With a small time constant 
t,, the capacitor in the self-bias network charges rapidly and 
the self-bias network develops a negative feedback voltage. 
This leads to a decrease in voltage between the grid and cathode 
and, consequently, to a decrease in anode current and output 
voltage. 

To obtain a minimum droop, the capacitances C, and C, 
should be such that 


1 
Ch, “308 5 (15.1) 
C, > EEn (15.2) 


where Tray = Maximum pulse duration 
R,= dynamic screen resistance of the valve 
g„= mutual conductance of the valve 
ô, ô= limits of pulse droop caused by the screen-grid 
circuit and the self-bias network. 
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Fig. 15.6. Diode clamping cir- 
cuit 





It can be shown that the total droop caused by all these 

factors is equal to the sum of the individual droops 
§6=6,+6,+6,+... 

5. The need for maintanence of d.c. (quiescent) reference 
arises when pulses arrive at the input so closely together in 
time that the amplifier output has not yet recovered from the 
first before the second pulse arrives. If no measure were taken, 
a shift in the d.c. (reference) level would occur, and the indi- 
cator would be unable to display low- and medium-amplitude 
pulses since they would be masked by undershoot. 

For this reason, special clamping circuits are used to restore 
a zero reference level voltage common to each pulse at the input 
of the indicator tube or the video amplifier final stage. 

Figure 15.6 shows a diode clamping circuit at the input to 
the final stage. There is a diode D added to the usual grid 
circuit components R, and C,, and connected in parallel with Rg 
When the signal is in positive polarity, the diode is cut of, 
its input resistance is very high, and the diode has no effect 
on the circuit. When a negative voltage due to an undershoot 
is applied to the grid of V,, the diode is thrown into conduction, 
the input resistance of the diode sharply decreases, the input 
of the final stage is nearly short-circuited, and the negative 
voltage due to undershoot is drastically reduced. 


Revlew Questions 


1. What effect is produced by frequency distortion at the 
lower end of the range on the pulse waveform? 

2. Same, at the higher end of the range? 

3. What is the cause of overshoot and undershoot? 

4. Does non-linear distortion affect the pulse waveform? 

5. Why is the total droop equal to the sum of partial droops? 
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92. Video Amplifier Circuit Configurations 


RC-coupled Amplifier as Video Amplifier. Analysis of circuit 
configurations for voltage amplifiers has shown that the flattest 
frequency response and the lowest phase distortion are offered 
by the RC-coupled circuit. This is why it is the basis of most 
broad-band amplifiers, including video amplifiers. 

The mid-band gain is given by 


Ky = BnR 


Frequency and phase distortion appearing in RC-coupled 
amplifiers in the low- and high-frequency ranges is 


M= V +(e) 





QT, 


Mp =V IF (Qata 
tan Pp = — aTa 
where 
Te=CRg 
Tam C,R, 


It is not difficult to see that frequency and phase distortion 
in the low-frequency range may be minimized by increasing the 
time constant t,. In the high-frequency range this can be done 
by decreasing the time constant 1, that is, by decreasing either 
the capacitance C, or the anode load resistance. However, C, is 
made up of the output capacitance of the valve of the stage, 
the input capacitance of the following stage, and the distribu- 
ted capacitance of the wiring, and it cannot be decreased below 
a certain limit. Therefore, the distortion can be decreased only 
by reducing the anode load resistance R,, which unavoidably 
decreases the stage gain. The gain can be slightly increased by 
using high-mu pentodes. 

Let us see how the parameters of an RC-coupled amplifier 
affect a rectangular pulse passing through it. For this purpose 
we shall refer to the equivalent circuits of the stage. Figure 15.7a 
shows a complete equivalent circuit of the stage; Figure 15.7b and c 
gives the equivalent circuits derived from the circuit ol Fig. 15.7a 
for long and short pulses. 
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Fig. 15.7. Equivalent circuits of an RC-coupled amplifier 


(a) complete circuit; (b) circuit for a long pulse; (c) circuit for a short pulse 


In these circuits V is the equivalent generator voltage given by 


R 
V= WV eR Re = nk, 
since 

R,KR,, and ~$-=g, 


R, is the equivalent resistance of the generator, given by 











= RiRa z= Ri fon 4 
€ Ra+ Rı l + Rr aJ L 
Ra 


When the d.c. voltage V appears across the generator termi- 
nals (see Fig. 15.7c), there is a flow of current charging the 
capacitor. The output voltage (the voltage across the capacitor) 
is described by the well-known equation for a capacitor charging 
through a resistor 


Vont = v(i ie) (15.3) 


Ta =C R= CR, 

A plot of this equation is shown in Fig. 15.8. The lower 
the time constant qt,, the faster the capacitor charges and the 
output voltage reaches a steady-state value. As the pulse ceases 
at time ¢,, C, discharges through R,, and the voltage across it 


where 
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Fig. 15.8. Waveform of output 
voltage 





and, consequently the amplifier output voltage, decreases expo- 


nentially 
t 


V —Ve “e (15.4) 


Let us determine the dependence of pulse rise time on the 
time constant of the anode circuit Tae. — 

By definition, pulse rise time t., is. the interval between the 
instants, ¢’ and ¢”, at which the output voltage reaches 10 and 
90 per cent of its steady-state value V (see Eq. (15.8)] 


t, =t" —t 
Substituting the output voltage at 2 and t’ into Eq. (15.3) 
gives ' 


out 


r 
V outs = 0.9V =V (i e) (15.6) 
v 
Vn =0.1V =v (1—7) (15.7) 
In Equation (15.6) 
i t” 
e Ta =0.1 
or 
e 
eTa = 10 
Solving for £” gives l 
t” =t,In 10 (15.8) 
In Equation (15.7) 
r 
e “u =0.9 
Or: 
t 10 
eta "9 
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Solving for ¢’ yields 


t= T, Ind? (15.9) 
Substituting the values of ¢” and t into Eq. (15.5), we obtain 
t =t"—t =t In 10— 1, Ine 
or 
t, =2.2 T, (15.10) 


If we assume that the pulse rise time must not exceed 10 per 
cent of the pulse duration 


t, =0.1 T=2.2 T, 
then the time constant of the anode circuit must be such that 
Tta = 0.0455 + (15.11) 


It can be shown that the pulse decay time is equal to the 
rise time 
i,=t, 


When the amplifier accepts a short pulse, the capacitor C,, 
which is usually smaller than C,, has no time to charge. The 
voltage between the capacitor plates is insignificant, and almost 
the whole of the generator voltage appears across C,, i. e. is 
applied to the amplifier input. 

When the amplifier accepts a long pulse, C, has time to charge 
to a certain level. The opposing voltage developing across it re- 
duces the output voltage of the stage, and the pulse will sag or 
droop. 

The relation of pulse droop to the time constant of the grid 
circuit t, can be derived as follows. 

When a voltage V appears across the generator terminals 
(see Fig. 15.76), a current flows in its circuit, varying exponen- 
tially 


aa hs "g (15.12) 


The output voltage developing across R, is given by 
t 


Vour=iR,=Ve “g (15.13) 
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The higher the time constant t,, the smaller will be the change 
in the output voltage. 

If we assume that at the end of the pulse the output voltage 
must be 90 per cent of its peak value, the necessary value of 
t, can be found thus. From the expression for the output voltage 

T 


Vous =0.9V=Ve "e 
it follows that 


= 
e “«e=0.9 
or 


x 
e“g=1.11 
Solving for t, gives 
T log, e= log,)1.11 = 0.046 
Tg 


Therefore 








0.434 jor 


eee” 
=. 0.046 — 


z= pom [Bie =t 


or 
t,= 101 (15.14) 


That is, the time constant of the C,R, network must be ten 
times the pulse duration T. 

From Eqs. (15.11) and (15.14) it is possible to determine the 
basic parameters of the stage— the anode load resistance R,, the 
coupling capacitance C, and the grid-leak resistance R,. 

As a pulse passes through a multistage amplifier, each stage 
affects the pulse shape. Therefore, if the pulse is to retain its 
original waveform at the output of a multistage amplifier, the 
individual stages must meet more stringent requirements than 
when each operates separately. Accordingly, Eqs. (15.11) and (15.14) 
for a multistage amplifier must be as follows: 


Ta = 39 (15.15) 
T= 10 NT (15.16) 


where N is the number of stages in the amplifier. 
When selecting C, and R,, the following must be taken into 
consideration so as to obtain the requisite value of ty. 
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To decrease the shunting effect of the grid-leak resistor on the 

anode load, R, must be such that 
R, > 25 R; 

To reduce the pulse droop, C, must be 30 to 50 times Cin 
the input capacitance of the following stage. 

Example 15.1. Determine R,, C, and K, of the stage if: 
t=2usec, valve 6)K9II, C,=30 picofarads, Em =17.5 milli- 
amperes/volt, C;,=8.5 picofarads. 

Solution. 1. Find the time constant of the anode circuit 

2 
T= oy = Gy = 0.1 u sec 
2. Find the anode load resistance 
a _0.1x10-6 .. 
R; == 30x107 % 3,300 ohms = 3.3 kilohms 
3. Find the time constant of the coupling network 
Tg = 10 T= 10 x2 = 20 psec 
4. Select the grid-leak resistance 
R,= 25R, =25x3.3 = 82.5 kilohms 


or, taking the nearest standard value, R,=82 kilohms. 
5. Find the capacitance of the coupling capacitor 


20x 10-6 
C.= af = Sate = 0.244 x 107° = 244 picofarads 
z 


or, taking the nearest standard value, C,= 270 picofarads. 
If the following stage employs the same type of valve, the 
input capacitance of the stage will be 8.5 picofarads 


Ce _ 270 

CG, 8B 82 

which satisfies the condition: C, > (30 to 50) Cin- 
6. Determine the stage gain 


Ko =8nR,= 17.5 x 107°? x 3,300 = 58 


It can be shown that undistorted reproduction of a rectan- 
gular pulse by an RC-coupled amplifier depends on its frequency 
range and that the rise and fall time is determined by the 
high-frequency end of the range, and the pulse droop by the 
low-frequency end. 





446 RADIO RECEIVERS 
The equations for frequency distortion in the high- and low- 
frequency ranges are given at the beginning of this section. 
Writing the lower limiting frequency Q, of the range in terms 
of the time constant of the coupling network C.R, and the fre- 
quency distortion M,, we get . 


| 
Tg V Mj—1 
Substituting Eq. (15.14) for t,, we obtain 
l 
Q, = —— 
100 V MP1 


That is, the lower limiting frequency must be decreased with 
the duration of the pulse. In other words, an amplifier with 
considerable frequency distortion in the low-frequency range is 
not able to pass long pulses, because the droop will be prohi- 
bitively large. 

The upper limiting frequency ®, of the amplifier is the frequency 
at which the gain of the amplifier falls below 0.707 times the 
midband gain (3 db down). Then, at the upper limiting frequency 


M,=V 1+(o,t,))=V 2 


Q, = 


Whence 

OTa = l 
and 

l 

p = To 

or 
l 
h= 2nte 


Substituting the value of t, from Eq. (15.10), we obtain 


22 _ 0.35 
hy = Ont, tp 

The dependence of the upper limiting frequency on the pulse 
rise time ¢, implies that the upper limiting frequency must be 
raised as the pulse rise time increases. Thus, an amplifier with 
a narrow bandwidth is not able to pass short pulses without 
distortion because the pulse rise and fall time is increased and 
the leading and trailing edges of the pulse fall off gradually. 
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Fig. 15.9. Simple shunt inductive high-frequency compensation 


To broaden the bandwidth, video amplifiers include frequency- 
compensation circuits which operate on short pulses. 

Frequency Compensation of Video Amplifiers. Frequency com- 
pensation is widely used in television and in all other receivers 
designed for the reception of pulse signals. 

High-frequency Compensation. One of the most commonly used 
forms of frequency compensation in the high-frequency range is 
a simple shunt-compensated coupling connection (Fig. 15.9). 
In this circuit, a compensating coil L is connected in series 
with the anode load resistance. At low frequencies, the inductive 
reactance of the coil is very small, and the coil does not affect 
operation of the stage. As the signal frequency increases, the 
inductive reactance of the coil is also increased, causing an 
increase in the anode load impedance Z,, and in the stage gain. 
The total increase in the high frequency gain will compensate 
for the decrease in gain caused by the shunting action of the 
shunt capacitance C,. 

Phase distortion, too, is decreased in the shunt-compensated 
video amplifier. As we know, C, causes a negative phase shift 
in the output voltage. The compensating coil causes a positive 
phase shift, and the resultant phase shift at the output of the 
stage is considerably decreased. 

To evaluate the effect of L on the electric properties of the 
stage, consider its high-frequency equivalent circuit (Fig. 15.10). 

The mid-band gain is 

Ko =8nR, 


At the high frequencies, the equivalent anode load impedance 
is Z,. Therefore, the high frequency gain is 


K=g,Z, (15.17) 
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Fig. 15.10. Equivalent circuit 
of a video amplifier using simple 
shunt inductive compensation 





Frequency distortion at the high frequencies is 


=e Ko _ EmRL_RL 
My= R= eet = 7 (15.18) 


Writing out the expression for Z,, we get 


1 : 

R jQ,L) = ; 

( Lt] h ) jQ2,C5 = i Ri +iQpL 
1—Q2LC, + i2,CsR1 





L~ . i 
Ri +iįiQ,L+ jQ,C. 

: : L 

ž 1+ jQp R; 
~ EY —QRLCs +iQnCsRE 
On setting 
R=" 
CR, = Ta 
R 
LC=LC, Ri =)T, 


the expression for Z, may be written as 


op — Tiri 2 
Z= Ri ofertat iOa (15.19) 


and Eq. (15.18) 
Ri R; 1 —Qhtrta + iQnte 
M,= Zi R 1+ jRRT g 1+jQaTL (15.20) 
11 —Obtyte + i2nte 


The modulus of frequency distortion is 


m, = 7/ US + Onto) 
= I+ (Qa? 
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Removing the brackets in the numerator, and collecting simi- 
lar terms, we obtain 


1+(t3—2t,1,) Q+ r? 1204 
Mya aes OEE eat (15.21) 


Frequency distortion in the high-frequency range will not occur 
only when the right-hand side of Eq. (15.21) is unity. This con- 
dition, in turn, can be fulfilled only when the numerator and 
denominator are identically equal. This is possible only when 
the same powers of Q, have the same factors, i.e. when the fol- 
lowing equalities are satisfied: 


Ta — 21, Ta =T} (a) 
and 
titi =0 (b) 


Condition (b) cannot be met because neither the anode load 
resistance nor C, can be equal to zero. Therefore, in order to 
minimize frequency distortion, it should be sought to satisfy 
condition (a) at least. 

With condition (a) satisfied, the time constant Ta may be writ- 
ten in terms of the time constant qt, as 


tT =(1+)V 2) t, (15.22) 
Substituting the expression for t, into Eq. (15.21) we obtain 


1+ Qf T? +A 74 (14 V 2p 
1+ Q7 T? 


Using Eq. (15.23), it is possible to determine the necessary 
value of t, and, consequently, of t,, from the specified Q, and Mp 


Solving Equation (15.23) for Qq} gives 
sa | oMa ey] 
Ot rai y 


Figure 15.11 shows a plot of Qt, as a function of frequency 
distortion M,. Entering this graph with Mpm it is possible to 
find the value of Q,t, and to calculate +, 


M,= (15.23) 


— (2xTz) 


T 
L Qg 
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SS 


Once t, is found from Eq. (15.22), it is easy to find the 
anode load resistance 


The inductance of the compensating coil is given by 
L=R,t, 


The phase response of a shunt-compensated video amplifier is 
given by 
tang = — Qt, + Qt, (1 —2*t,7,) (15.24) 
The phase response of the stage, as a function of Qt, and Qrt,, 
is shown in Fig. 15.12. As is seen, phase overcompensation takes 
place at certain values of Qt, and Qt,. This is evidenced by 
the positive phase shift in the stage. 
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Fig. 15.12. Phase response of the 
stage, as a function of Qt, and 
Qt; +g 
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Shunt-inductive h.f. compensation also improves the gain of 
the amplifier. 

Let us prove this by the following example. 

Example 15.2. A wideband stage is to amplify in a band 
extending up to 5 megahertz. The equivalent shunt capacitance 
of the amplifier stage, employing a type 6)KOTI valve, is C, x 30 
picofarads. The limit of frequency distortion is M,= 1.3. It is 
required to determine the anode load resistance and stage gain K,. 

Solution. In an uncompensated amplifier, the anode load resis- 
tance is given by Eq. (2.28) 


V M?— 1.322—1 
R= te = ara gan = 880 ohms 
The gain is 
Ko = 8n R1 = 17.5 x 107° x 880 = 15.4 
At Q, the gain is 


_ Ky 154 
K, = = 75 = 118 


Determine the anode load resistance and gain of the compen- 
sated stage under the same conditions. 
Determine 2,t, from the plot of Fig. 15.11: 


(Q,t,) =0.64 
Hence 
T — (a11) _ 0.64 = 
L Q; 6.28x 5« 10-8 


The time constant q, is 
tg= (1+ V 2) t, = 2.41 x2.04% 1078 = 4.9 x 107° second 
As a result, the anode load resistance will be 


2.04 x 107° second 





_ tq 4.9K 10-8 _ 
R, = & = 33 1077 = 1,630 ohms 


Find the inductance of the compensating coil 
L=%,R,= 2.04 x 107° x 1,630 = 33.3 microhenrys 
The stage gain is 
Ko = 8nR, = 17.5 x 107? x 1,630 = 28.5 


As is seen from Example 15.2, frequency compensation has 
nearly doubled the _gain with the same frequency response. 


15* 
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In deriving the design equations for shunt-inductive h.f. com- 
pensation, we have sought to secure the desired bandwidth. For 
a broad-band pulse amplifier, however, the decisive requirement 
is to maintain the pulse shape. Accordingly, the design equations 
are written in terms of pulse characteristics as given below. 

1. Anode load resistance: 

(a) an uncompensated amplifier 


t; 


(b) a shunt-compensated amplifier with 6, of not over | per 
cent 


ty 


(c) a shunt-compensated amplifier with ô, of not over 6 per 
cent 
t 


In all cases t, is the puls rise time of one stage: 
t,=0.1t 
defined in terms of the upper limiting frequency of the amplifier as 
0.35 
t= Fr (15.28) 


C, is the equivalent shunt capacitance defined as 
C, = Cont T Cin F Cy 


where C,,;= output capacitance of the valve 
Cin = input capacitance of the valve in the succeeding 
stage 
C, = disturbed capacitance of wiring; with good wiring, 
it does not exceed 10 picofarads. 
9. Inductance of the compensating coil: 
(a) an amplifier with an overshoot of 1 per cent 


L=0.36RiC, (15.29) 


(b) an amplifier with an overshoot of 6 per cent 


L=0.5RiC, (15.30) 
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Fig. 15.13. Modified shunt high-frequency compensation 


A better form of high-frequency compensation js ‘offered by 
the modified shunt-coupling connection of Fig. 15.13. In this 
arrangement, a second compensating coil, La, shunted by R,,, is 
connected between the anode and the anode load resistance R,. 
As a result, the high-frequency gain is improved by 20 to 40 
per cent, as compared with simple shunt inductive compensation. 

This improvement in Stage gain stems in part from the fact 
that the shunt capacitance C, is divided in two parts (Fig. 15.14) 


C=C 0.5C,, 
and 
C,=C,,+ 0.5Cu 


C, connected across the anode and cathode is numerically 
smaller than the total capacitance C,. When a rectangular pulse 
reaches the valve grid, C, charges faster than C, in a shunt- 
compensated circuit. Therefore, the pulse rise time is lower, 
which is the same as raising the upper limiting frequency of the 
amplifier. Besides, by properly selecting the inductance of Las 


Fig. 15.14. Equivalent circuit 
of modified shunt compensated 
amplifier 
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voltage resonance can be obtained in the series tuned circuit 
formed by L, and C, near the upper limiting frequency. Hence, 
the voltage across C,, i.e. the stage output voltage, will also 
be increased. Thus modified shunt compensation also broadens 
the bandwidth and increases the gain of the stage. 

The parameters of a modified shunt-compensated amplifier are 
found from the following equations: 

1. Anode load resistance 


R=% (15.31) 


The rise time as found from Eq. (15.28) is 
ta <0.lT 


2: The inductance of the shunt coil is 


L=aR{C, (15.32) 
3. The inductance of the series coil is 
a= a Ril, (15.33) 
4. The shunting resistance is 
| Ry, = OR, 


The values of q, a, a’ and b are given in Table 15.1 as func- 
tions of the ratio i where C, =C,,;+0.5C,. 








Cs 
TABLE 15.1 
Le ee a aa 
C r 0, Cı 

l-g | q | a | a | b Ôh, % C 
0.344 0.934 -0.122 0.511 — 4.3 0.656 
0.35 0.95 0.122 | 0.514 50.0 4.1 0.65 
0.4 1.04 0.126 0.536 6.6 3.8 0.6 
0.437 1.07 0.13 0.554 4.35 3.4 0.563 
0.45 1.08 0.132 0.56 3.7 3.3 0.55 
0.5 1.09 0.14 0.582 2.75 2.8 0.5 
0.55 1.1 0.146 0:61 2.33 2.3 0.45 
0.6 1.12 0.148 0.652 2.12 1.9 0.4 
0.65 1.15 0.146 0.72 2.0 1.6 0.35 


The values of C,, a and q for some Soviet valves are given 
in Table 15.2. i 
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TAELE 15.2 
a re es ee a 
Z £ 6 | 2 
a) Oo = > 
an Ss o o 
Valves 2 T N a 5 5 
= [= E = E 2 on Fa > > 
Oo ~~ hami m © 
xX X Ea p4 x = = = a = 
oOo wo oO © wo oO © oO © oO 
Cry pico- 7 9 | 10 | 7 | 9 | 125| 13 | 12 | 16.5 12.5 
C | 9 35 | 0.36 | 0.4 | 0.35 | 0.36 | 0.45 | 0.45 [0.45] 0.53 | 0.45 
Cs min 
q [ras fin 1.12 a18 | a4 ta fia fia ose 











Figure 15.15 shows high-frequency compensation by means of 
an RC network. The network capacitance is so selecfed that its 


than that of the usual amplifier. At the high frequencies the 
reactance of C decreases, and it bypasses R to a greater extent 
so that the impedance of the RC network is decreased conside- 
rably. This decreases the voltage across the RC network and, 
consequently, increases the output voltage. 

For efficient high-frequency compensation, R must be two or 
three times R,. The network capacitance can be selected on the 
basis of the following relation: 


l 


— = 


which secures an increase of 30 to 40 per cent in the output 
voltage at the high frequencies. 

Figure 15.16 shows high-frequency compensation employing an 

C network in the cathode lead. For its effect, this form of 
frequency compensation depends on negative current feedback. 
The values of R and C are so selected that in the mid-band 
range the capacitive reactance is many times R. At these frequ- 
encies a negative feedback voltage is developed across Zro dec- 
reasing the signal voltage at the valve grid and the. stage gain. 
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Fig. 15.15. High-frequency compensation Fig. 15.16. High-frequency com- 
employing.an RC network pensation by negative feedback 


As the signal frequency increases, the capacitive reactance and, 
consequently, the impedance of the RC network, goes down. 
The negative feedback voltage decreases, and the stage gain inc- 
reases. At the high frequencies, the increase in the stage gain 
compensates for the decrease in the frequency response caused 
by the usual reactive circuit components. 

Figure 15.17 shows high-frequency series compensation. The 
operating principle of this arrangement can be understood from 
its equivalent circuit (Fig. 15.18). The inductance of the com- 
pensating coil L, is so selected that the L,C;, circuit will reso- 
nate at the high frequencies. As a result of series (voltage) re- 
sonance, the current flowing through C;, increases, and the vol- 
tage drop across the capacitance is also increased. This results 
in a virtual increase of gain. L, is frequently shunted by R to 
decrease the resonance peak. 

In a number of cases the stage simultaneously employs several 
methods of high-frequency compensation. Figure 15.19 shows an 
amplifier stage using shunt-inductive and series-inductive com- 
pensation. 





Fig. 15.17. Series-compensated ampli- Fig. 15.18. Equivalent circuit of | 
fier circuit series-compensated amplifier | 
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Fig. 15.19. Amplifier stage with shunt- Fig. 15.20. Low-frequency com- 
inductive and series-inductive compensa- pensation 
tion 


Low-frequency Compensation. One of the most commonly used 
methods of low-frequency compensation is to inseft a decoupling 
RC filter as shown in Fig. 15.20. 

Let us see how this circuit operates. The stage gain of a stage 
employing a valve with a high a.c. anode resistance is decided 
by the mutual conductance and anode load impedance 


K = 8n] 
In our case, the anode load impedance Z, is made up of R, 
and filter impedance Z; AaS 


Ż =R, +ż, 


may be neglected and the anode circuit may be regarded as 
being loaded only into R,. 
Then, the mid-band gain will be 


l Ko=2g,R, oo 
At the low frequencies, Z, increases noticeably and the stage 
gain goes up. 


The increase in stage gain due to frequency ‘compensation, 
usually called the relative gain, is defined. as : . 


a = Ki geli Z ae ag 
ma ~ Ko SR, Rı (15.34) 


The value of R, is usually. specified in advance. It ought not 
to be too great because the anode voltage decreases as R, is 
increased. . a E TE n 
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Usually 
R,=(0.2 to 0.5) Ri 


If the relative gain and the filter resistance are known, the 
capacitance of the filter capacitor may be determined from the 
following equation:. 


TOR 
__! (+R) = 


Apart from flattening the frequency response, the filter reduces 
parasitic coupling between the stages through the supply sources, 
which improves amplifier stability. 

The overall frequency response, that is, one at the low and 
high frequencies, may be improved by means of negative feed- 
back supplied by an RC network in the cathode lead. However, 
as we already know, negative feedback brings down the stage 
gain. Therefore, video amplifiers usually resort to compensating 
circuits in the anode and grid leads which all increase the 
stage gain. . 


Review Questions 


1. Does the a.c. anode resistance of the valve affect the pulse 
shape? 

9. Can h.f. compensation use a coil in parallel with the anode 
load resistance? 

3. Why should video amplifiers use valves with high mutual 
conductance? 

4. Can video amplifiers use transformer coupling? 

5. Does the gain of video amplifiers depend on the pulse 
duration? 


93. Transmission-line Amplifiers 


Radio today is using pulses of progressively shorter duration. 
In some cases the pulse duration is several hundredths of a 
microsecond. 

Shorter pulses improve the resolution of aircraft radars and 
make it possible to see on plan-position indicators (PPI) not 
only the signals that determine target coordinates, but also 
the outlines of streets, large ships and even of big aircraft. 
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Short-pulse operation calls for a very broad bandwidth of the 
video channel. For instance, with a pulse duration of 0.01 usec, 
the upper limiting frequency should be 

35 38 } 
E, => “gor = 350 megahertz 

It is impossible to obtain a uniform gain over such a fre- 
quency band, even when complex compensating circuits are used. 

A detailed analysis of compensating circuits shows that the 
limit for the stage gain is determined by 





— En 
nF V iC 


If K>1, then 
Em 
Ys STV CG 
For a 6)KIII valve (US equivalent, 6AK5) with g,=—5.2 
milliamperes/volt, C,,=4 picofarads, Cout = 2.1 picofarads, and 
Cw= 10 picofarads, 
Cy =Cont + 0.5C, = 2.1+0.5K10=7.1 picofarads 
C,=C;,+0.5C, =4+0.5 x 10=9 picofarads 
5.21078 


Sa KNOT 

EnS TV e, sia yria e = 207 megahertz 
With a gain of 2, the bandwidth is narrowed down to 100 me- 

gatertz. 


Thus, in a stage employing a 6)KIII valve it is practically 
impossible to obtain a gain of more than unity and a bandwidth 
of 200 megahertz; this is true even when a sophisticated form 
of frequency compensation is used. 

A stage operating over such a broad bandwidth can produce 
amplification only if C, shunting the load resistance is no lon- 
ger a parasitic capacitance, but a parameter of the stage. 

An example of such a circuit is the transmission-line ampli- 
fier, also called a distributed amplifier. For its operation such 
an amplifier depends on the propagation of travelling waves in 
transmission lines, or simply lines (Fig. 15.21). 

When a voltage V;, is applied to the line input, current and 
voltage waves begin to propagate along the line. In an ideal 
line (the one without losses), the output voltage V,,; is equal 
to the input voltage. If a.c. generators, operating in phase with 


15** 
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Fig. 15.21. Schematic of an artificial line 


the incoming signal, are connected between the line sections, 
the energy transmitted from the beginning to the end of the line 
will gradually increase. This will lead to an increase in voltage 
across the load, i.e. the input signal will be amplified. 

Transmission lines operating in a travelling-wave mode have 
a very broad pass-band. This is also true of artificial lines made 
up of lumped-constant sections. However, there is always an 
upper frequency limit (the cuf-off frequency) to artificial lines. 
Past this limit, the lines lose their broad-band properties. 

The cut-off frequency is given by 


pa 
° aV LC 
where L, and C, are, respectively, the inductance and capaci- 
tance of a line section. 

The propagation time through one line section depends upon 
the inductance and capacitance of the section: 


t =VL,C, 


The transient time, or the time required for the output to 
reach its steady-state value, depends upon the parameters and 
the number of line sections: 


ta = 1.1 V L,C, 


With low values of section parameters it is possible to obtain 
a short transient time and a relatively wide pass-band. The 
number of sections has a limited effect on the transient time. 

Let us examine in greater detail the operation of the distri- 
buted amplifier shown in Fig. 15.22. As is seen, there are two 
lumped (artificial) transmission lines, and a number of valves 
with their grids connected into one, and with their anodes into 
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Fig. 15.22. Circuit diagram of a transmission-line (distributed) amplifier 
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the other line at appropriate node points. When a signal volt- 
age V;„ is applied to the input, a voltage wave begins to propa- 
gate along the grid line. If the propagation time through one 
section is ¢,,, the energy will be transferred to the end of the 
line in time t=(n—I)t,, to be absorbed by the load resistance 
R equal to the characteristic impedance of the grid line: 


L 
£ 


With V;, applied to the grid line, the current in the anode 
circuit will change by 


la =Vin&n 
Each section to the left and right of each anode has the resi- 
stance equal to the characteristic impedance of the anode line: 


I 
Pa = y% 


Therefore, the change of anode current will propagate to the 
left and right of each anode and will only be half as great as 
| the change in the valve current 


, 1 l 
la=-5 la = BV inln 


If the propagation time through a section of the anode line, 
ta» is selected to be equal to the propagation time through a 
section of the grid line, i.e. 


tala 

or l 
VL,C,=V LC, 

then on arriving at the input of the second section the change 
of current caused by the anode circuit of the first valve will 
be added to the current change of the second valve, then of 
the third and, finally, of the nth valve. The total change of 
anode current at the output of the anode line will be n times 
the change of anode current of one valve 


Vin 
I, oat = -5 Em 
The output voltage due to this current across the load resi- 
stance of the anode line will be 
V =n °R V npa 


out —~ 


The gain of a distributed-amplifier stage is 


om pe = 8,04 (15.36) 
Let us compare the gain K of the conventional stage and the 
gain K, of a distributed-amplifier stage. At the highest frequency 
of the band, the gain of the conventional stage may be expres- 
sed in terms of the reactance of the capacitance that shunts 
the anode load 





= —— En 
K=8nX0 = Dz FC (15.37) 


Let us assume that the highest frequency F, that can pass through 
the line without noticeable distortion is equal to the cut-off 
frequency f, (usually Fp < fe). Writing the characteristic impe- 
dance of the anode line p, in terms of the cut-off frequency, 
we have 
l 
Pa = nfcCa 


Substituting this expression into Eq. (15.36) gives 


n g 
Ka = -p Empa 7 Nap Cy 
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Noting that F,=f,, we obtain 


a Em 
Ka=" REE 

Thus, all other conditions being equal, the gain of a distri- 
buted-amplifier stage is several times that of the conventional 
stage. 

The performance of a single-stage amplifier is often compared 
in terms of the gain-bandwidth product, K (F,—F i)» or, for a 
broad-band stage, KF ,. 

For a conventional stage 





KF, =E (15.38) 


while for a distributed-amplifier stage 





Kaf, = n gate (15.39) 


As is seen, in a distributed-amplifier stage the product KF, 
is inversely proportional to C,. Therefore, an increase in gain 
in a distributed-amplifier stage will always lead to a narrower 
bandwidth. This is why the gain of a distributed amplifier ought 
not to be increased by increasing the load impedance. 

A detailed analysis of distributed amplifiers shows that an 
increase in gain can be obtained not only by employing a larger 
number of line sections, but also by using the conventional 
cascading when the total gain is equal to the product of the 
stage gains 


Ka= KaKa 


Review Questions 


l. What is the principle of bandwidth widening in distributed 
amplifiers? 

2. Does it pay to use a distributed amplifier for a bandwidth 
of a few megahertz? 

3. What kind of valve should be used in a distributed amp- 
lifier? l 

4. List methods for broadening the bandwidth of a distributed 
amplifier. 
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94. Video Amplifier Design 


Given: 


l. Input voltage, Vin 

2. Maximum pulse duration, Trax 

3. Minimum pulse rise time ¢, or upper cut-off frequency f,. 
4. Equivalent shunting capacitance C,. 


To Find: 


1. Type of valve. 

2. Upper cut-off frequency fe or pulse rise time ¢,. 

3. Stage circuit parameters. 

4. Stage gain K and output voltage Vost. 

5. Operating conditions of the valve and associated circuit 
parameters. 


Design Procedure: 


1. Select the valve. The main thing to remember when se- 
lecting the type of valve for a video amplifier is to secure 
maximum gain. 
= The stage gain is determined by the same equation fo. any 
of the discussed circuits 


K = EAR 
In the simplest case, the anode load resistance is decided by 


the equivalent shunt capacitance C, and the upper cut-off 
frequency: 


R= 


L= OCs 





The value of C, chiefly depends upon the input and output 
capacitances of the valve. Therefore, when selecting the type 
of valve, make sure that the mutual conductance is as high as 
possible, while the input and output capacitances are a minimum, 

2. For calculation of circuit parameters it is necessary to know 
the upper cut-off frequency or the minimum pulse rise time. 
In the simplest case, these values are related to each othe: as 


-0.35 


fe = 





tr 
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When the upper cut-off frequency f, is specified in advance, 
the pulse rise time will be 


0.35 
eee 


When the pulse rise time is specified in advance, the upper 
cut-off frequency can be found from the same relation. 

3. The order in which the circuit parameters should be cal- 
culated depends on the selected circuit configuration. For a com- 
paratively narrow signal frequency band, or for a comparatively 
long pulse rise time, an RC-coupled circuit may be used. For 
a frequency band several megahertz wide and for a rise time of 
several hundredths of a microsecond, a frequency-compensated 
circuit should be used. After the circuit has been chosen, its 
parameters are found from the equations given in the preceding 
sections of the present chapter. 

4. The midband stage gain is given by 





Ko =8nR, 
At the upper frequency of the range it is given by 
l 
Kn Ko E FT: 
The output voltage is 
Vout = KV in 


5. The operating conditions of the valve are selected according 
to the signal to be amplified and the requirements that the 
stage is to meet. When positive pulses are to be amplified, 
the operating point should be positioned in the lower part of 
the linear section of the characteristic. The bias voltage must 
provide for operation of the valve without grid current: 


E + Vin <0 


However, if the stage is to amplify negative pulses, the position 
of the operating point will be determined by the maximum anode 

. dissipation i 
P, = l ao V as 


and by the length of the characteristic tail. Jf the stage is to 
operate so that the signal wave is limited, the bias voltage 
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should, above all, be such that 
But Vin < E; 
and tħe anode dissipation 
Í ao V a0 < Peale 
The characteristic i,=—F(e,) can be shifted by varying the 
screen-grid voltage. 
Having selected the operating conditions of the valve, the 


circuit parameters may be calculated. 
The self-biasing resistor is 





| Eg | 
Re 
i lga t+ lao 
The bypass capacitor is 
C= ae En 


The dropping resistor in the screen-grid circuit is ` 
Piss Ea— Eg: 
r P 
The value of l,a is found from the valve characteristics. 
The capacitance of the screen-grid blocking capacitor is 





— Tmax 
g2? DRs 
where 
E 
Rase 
Igo 


Example 15.3. Calculate a wide-band amplifier if the input 
voltage is 0.5 volt, pulse duration t=2 pseconds, pulse rise 
time ¢,=0.35 tf, to Equivalent shunt capacitance of the 
stage C,== 30 picofarads. 


To Find: 


. Type of valve. 

. Upper cut-off frequency, fe. 

Anode load resistance, R;. 

. Inductance of compensating coil, L. 

Midband gain K, and high-frequency gain K, 





oR WN 
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6. Resistance R, and capacitance C, of the coupling connection. 
7. Operating conditions of the valve and associated circuit 
parameters. 
Solution. 1. Select a type 6)K9II valve. 
2. Determine the upper cut-off frequency 
0.35 0.35 10 
lo =TM 2x0- =ð megahertz 


3. To determine the anode load resistance, from the curve of 
Fig. 15.11 find that 


whence 
r, 2a _ _ 0.707 
L O,  6.28x5x10ë 


Determine the time constant t, 
Ta=(1 +V 2) t, =2.41 x 2.25 x 1078 =5.43x 107° second 


Find the anode load resistance 
Ta _ 5.43xX10-8 
R; = 0; 30x0 = 1,800 ohms 
4. Find the inductance of the compensating coil 
L =t, Ra =2.25 x 107° x 1,800 = 40.8 microhenrys 
5. Determine the midband and high-frequency gain of the 
stage 


= 2.25 x 1078 second 





Ko =g,R,= 17.5x 107° x 1,800 = 31.5 


6. Calculate the parameters of the coupling connection: 
R,=30R, = 30 x 1,800 = 54.0 kilohms 
g 10 2010-8 : 
C= Ra Ry ~ B43 XIO = 370 picofarads 
7. Calculate the operating conditions of the valve for an anode 
supply voltage of 180 volts. For a typical case: Æ, = 150 volts, 
E,a= 150 volts. 
Bias voltage 
— £,=V;,+0.5=0.5+0.5=1.0 volt 
From the valve characteristic find the quiescent anode current 


la = 15 milliamperes 
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The anode quiescent voltage 
Vao = Eg sup — laoR = 180— 15 x 107° x 1.8 x 10° = 150 volts 
Screen-grid current 
Ip =4.5 milliamperes 
Hence, 


Ege. 150 : 
Rg = Ta 5x105 = 3S kilohms 
Find the value of the self-bias resistor 


RoS | Eg! 1.0 
k laot lgo (15+4.5)x10-% 


Determine the value of the cathode bypass capacitor 


C2 Tees an =x 17.5x107°=3.5 microfarads 


= 51 ohms 








Find the value of the dropping resistor in the screen-grid 
circuit and the capacitance of the blocking capacitor: 


Eg—Eg. 180—150 ; 
Ra = lz =g & 8.8 kilohms 


_ Tmax _ _ 2x1078 _ pE , 
Cs E Rgobs = 33x 108x0.01 — 6,000 picofarads 





95. The Final Stage of a Video Amplifier 


The output, or final, stage of a video amplifier above all 
serves to build up the signal voltage to a value necessary to 
control the indicator tube. This voltage, as already mentioned, 
is 20 to 100 volts. 

The output voltage of an amplifier is decided by the voltage 
applied to the valve grid, the mutual conductance, and the 
anode load resistance 


V out F V BnR 


The anode load resistance R, is determined by the limits of 
frequency and phase distortion. Usually, R, does not exceed 
1 to 3 kilohms. 

The driving voltage is limited by how far the foot of the 
valve characteristic extends into the region of negative grid 
voltage, i.e. by the E, value. Therefore, in order to obtain the 
necessary voltage, the final stages should employ power remote- 
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Fig. 15.23. Circuit of a final Fig. 15.24. Final stage loaded into a 
stage loaded into a beam beam-deflecting tube 
intensity-modulated tube 


cutoff valves with a large emission current and considerable 

mutual conductance. The final stages of video amplifiers in TV 

and radar receivers use power pentodes and beam tetrodes. 

For higher gain, the output stage should be frequency-com- 
pensated. Apart from reducing signal distortion, frequency com- 
pensation considerably increases the anode load resistance and, 
consequently, the stage gain. 

The signal voltage developed at the detector output always 
contains, apart from the a. c. component, a slowly varying or 
d. c. component which determines the level of the signal. In the 
process of signal amplification, the d. c. component is lost, and 
the average signal level might be changed. In order to restore 

_ the original signal shape, the final stage incorporates suitable 
circuits to restore the d. c. component. 

Operation of the final stage depends upon the relative posi- 
tion of the amplifier and cathode-ray tube (CRT). If the output 
stage and the CRT are close to each other, the voltage from 
the anode load is applied directly to the electrodes or deflecting 
plates of the CRT (Figs. 15.23 and 15.24). When the CRT and 


final Cathoae m~ 
stage follower w. 
| Cable 


| Fig. ioe: Block diagram of a final stage with a separately located cathode- 
ray tube 
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(a) 
Fig. 15.26. Cathode follower 


the final stage are placed at a distance from each other, an 
auxiliary stage is incorporated in the video amplifier, connected 
to the final stage by an r.f. cable (Fig. 15.25). The characte- 
ristic impedance of the cable is 50 to 100 ohms, as a rule. 
Therefore, connecting the cable directly to the anode load resi- 
stance may considerably lower the total resistance of the anode 
load and the stage gain. To avoid this, a cathode follower is 
incorporated in the circuit between the amplifier and the cable. 
The cathode follower (Fig. 15.26a) has a low output impedance 
and secures a perfect match between the video amplifier and 
the r.f. cable, thereby keeping the pulse polarity unchanged. 

Consider operation of the cathode follower. A cathode follower 
is an amplifier stage which has the load connected in the cathode 
circuit while the anode is decoupled to earth. Therefore, the 
whole of the voltage developed across R, is applied to the grid circuit 
of the same valve in phase opposition, while the output voltage — 
is in phase with the input voltage. Thus, the cathode follower 
can be thought of as a single stage of negative voltage feed- 
back with B=1. 

As we already know, the gain of a stage using negative feed- 
back is 





__K 
K yo = TH BR 
At B=1 
K 
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Thus, in a cathode follower the gain is always less than unity. 
In Eq. (15.40), K, is the gain of an RC-coupled stage without 
feedback, equal to 





_ _ PR, 
Ko g Ra +R 


Substituting this expression into Eq. (15.40) and noting that 
in our case R, = R, we obtain 





aR 
K jp =—RatRe Re 
if TL Ra + (1 +u) Rg 
R,4-Rp 
a ee Re. 
“TW Reg CR mae 
l+p 
where He = T Fg = equivalent amplification factor of the valve 


Rae = Tae = equivalent a.c. resistance of the valve. 


Thus, the change in amplifying properties of a stage with 
negative feedback may be thought of as being due to the effect 
of feedback on R, and yp. 

Writing p, in Eq. (15.41) in terms of g, and Rae gives 


K fo =EnRe (15.42) 


RaeRe is the equivalent output resistance of the 


where R, = RTR 
cathode follower. 

The fact that the equivalent resistance R, of the stage is 
reduced to a few tens of ohms brings down the time constant 
t,=C,R,, which determines the upper limit of the bandwidth. 
The bandwidth of the cathode follower, with C, held constant, 
is increased just as many times as the stage gain is reduced by 
feedback. Practically, bandwidth is increased 10 to 20 times, 
with no compensation used. The cathode follower also broadens 
the bandwidth of the preceding stage in the video amplifier. 

The capacitance C, of the preceding stage, as we know, is 
the sum of the output capacitance of the stage, distributed wir- 
ing capacitance, and input capacitance of the valve in the 
following stage. 

A detailed analysis of cathode-follower operation shows that 
its input capacitance C,, is approximately equal to the anode- 
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grid capacitance C,,. As a proof, the input capacitance of the 
cathode follower is 


Cin =Cag t Cyn (1—K ye) 
Since 
K fo œ 0.8 to 0.9 
it follows that 


Cin = Cag t Cg (0-1 to 0.2) = Cag 
In an RC-coupled amplifier 
Cin =Cop+(1t+K) Cog > Cag 


The voltage drop across R, may turn out to be greater than 
is required to supply negative voltage feedback. Therefore, prac- 
tical cathode followers use the arrangement of Fig. 15.26b. 

In this arrangement, a fixed potential difference between grid 
and cathode is equal to the voltage drop across R,,, and not 
across the whole of the cathode load. 

As compared with the simple cathode follower, the one shown 
in: Fig. 15.266 has a higher input resistance 

Vin 
Rin], 
where /,, is defined as 


gy Re vy, [ik e 
IL; =V R aA i Ra ERa oes rA Kate) 
in g g Rg Rg 

Substituting this expression in that for the input resistance 
gives 
Rg 

Rko 
Rri + Rro 

Thus, the input resistance of a cathode follower may be seve- 
ral times that of a conventional stage. 

D.C. Restoration. This consists in maintaining a definite ave- 
rage signal voltage produced at the detector output. Signals 
obtained at the output of a TV or rada receiver are, as a rule, 
one-sided (Fig. 15.27). Such signals, apart from a.c. components, 
also have a d.c. component. 

In an RC-coupled circuit, which is the basic configuration of 
video amplifiers, the d.c. component is lost in the coupling 


Rin=Vinllin= 





1—K 
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Fig. 15.27. Diagrams showing changes in the signal level with loss of d.c. 
component 









capacitor C, which is an open-circuit to direct current. As a 
result, there is a considerable change in the maximum or mini- 
mum level of the signal. 

Figure 15.27a shows two signals with a different ratio of pulse 
duration to pulse spacing, so that they have the same peak but 
different average values V,,. Figure 15.276 shows the same sig- 
nals after they have passed through an amplifier. The change 
in the maximum to minimum level ratio causes a change in 
the background brightness of the tube and the accuracy of signal 
reproduction on the CRT screen. 

In order to restore the d.c. component in the signal, an addi- 
tional diode is connected into the grid circuit of the final-stage 
valve (Fig. 15.28). In the no-signal state, the grid bias is E,,, 


Yout 





Fig. 15.28. D.c. restoration circuit 
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Fig. 15.29. Diagram of operation 
of a d.c. restoration circuit 


and the anode voltage of the diode is very low, being negative 
to the cathode. A positive pulse will not change the condition 
of the diode, and the initial bias at the amplifier valve will 
remain unchanged. A negative pulse causes the diode to conduct, 
and a current begins to flow through the diode and charges up 
C, to the reference level. The next positive pulse cuts off the 
diode, and C, discharges through R,, producing a positive vol- 
tage drop across this resistor. The average value of this vol- 
tage is proportional to the average value of the incoming 
pulses. 

This additional positive voltage shifts the operating point of 
the amplifier valve to the right into the region of a higher 
quiescent current (Fig. 15.29). That is, the voltage generated 
across C, may be regarded as being added to the pulse appear- 
ing across R,, thereby producing a d.c. restored signal across 
the grid resistance R,. 


Review Questions 


1. Which characteristics of the video amplifier contro] the 
choice of circuit configuration? 

2. What are the requirements for a cathode-foilower valve? 

3. Why is the gain of a cathode follower less than unity? 

4. Why is the screen-grid in a cathode-follower valve decoupled 
to the cathode and not earth? 

5. How does the polarity of the output pulse control the 
choice of the valve for the final stage? 
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96. Calculation of the Final Stage 
for a Video Amplifier 


Given: 


l. Maximum output voltage, V nax 
2. Maximum pulse duration, Tra 
3. Minimum pulse rise time, t,. 


x 


To Find: 


l. Type of valve. 

2. Circuit parameters. 

3. Alternating anode current, A/ 
4. Bias voltage, E,. 

5. Input voltage, Vin: 


a max’ 


Design Procedure: 


l. The valve is chosen for the maximum voltage to be obtained 
at the stage output. The maximum voltage that can develop 
across the anode load resistance depends upon the value of this 
resistance and the incremental anode current . 


Vmax =A], max (15.43) 


In order to utilize the valve as fully as possible, the incre- 
mental anode current Alamas Should be 90 per cent of ‘the 
maximum anode current at the anode dissipation quoted in the 
valve manual 

Ala max =9-91 4 max 


The anode load resistance depends, as we already know, on 
the circuit configuration and the shape of the amplified signals. 

In the simplest case, that is, an uncompensated amplifier, 
R, may be defined in terms of signal rise time and the distri- 
buted: capacitance of wiring as follows 

i t 
Ri = 330, 

Substituting the values of Alamas and R, into Eq. (15.43), 

we obtain: 


t 
V mas = 9.91 a max aC, = Dol, 
16* 


476 RADIO RECEIVERS 


where D, =% e max is the grid-through, a coefficient characte- 
rising the valve employed in the final stage. 

In compensated stages, R; may be made greater than in 
uncompensated ones; this will increase the coefficient D. 

In a stage with simple shunt inductive compensation and 
with an overshoot of 6 per cent, the coefficient D is 


D=1.8D, 


In the same stage, with an overshoot of 1 per cent, the coef- 
ficient D will be 


D = 1.67D, 
In stages with modified shunt compensation, the value of D is 
p= =D, 
q 


where the value of g is taken from Table 15.1. 
In the general case, the maximum anode voltage of the valve 
is given by 
V nax = Dtr (15.44) 
Table 15.3 lists approximate values of J, max» C, and D,, 
proposed by A. P. Sivers for selected valves. 
When V,., and ¢, are specified in advance, it is possible, 


applying Eq. (15.44), to determine the necessary Q of the valve 
and select the type of valve from Table 15.3. 


TABLE 15.3 


Valves 


6)K20I1-1 
6)K20Il-? 
6111411 
618I 


6K90 
6kK1i1N 
6T16C 
6II3C 


o 
m 
© 


le max, MA | 10| 15.6] 25] 16] 28) 20 | 48) 53 | 45 | 7 
on Bl æl 25 | 25 | 20} 25) 28 | 29| 27 | 27.5] 31.5 

Di, U jusec | 180 |255 | 410 | 330 | 460 | 440 | 670 | 800 |600 | 775 
lg, mA əl 4.5| 8| 5] 9| 65 5] 8] 5 5 


ne 


9 The order in which circuit parameters should be calculated 
depends on the circuit configuration of the stage and its operating 
conditions. According to the expected performance, the final 
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stage of a video amplifier may be the conventional RC-coupled 
circuit or a circuit with frequency compensation. The latter may — 
be employed in cases where the selected valve cannot provide 
the specified output voltage when connected into an uncompen- 
sated amplifier. 

After the circuit configuration has been selected, the circuit 
parameters are calculated just as in a video voltage amplifier. 

3. The incremental anode current is determined from the 
maximum output voltage V,,,, and anode load resistance R, 


Al V max 


a max — R; 





4. The bias voltage E, is so selected that the anode dissipa- 
tion will not exceed the maximum safe value 


Pa=1 Vag L S itur 


5. The input voltage is usually found graphically from the 
valve characteristic, as shown in Fig. 15.30. 

[f the final stage is loaded into a cable transmission line 
with a low wave impedance, it is essential to use a cathode 
follower. Without it, the low wave impedance of the line would 
shunt the anode load of the earthed-cathode stage, and the 
stage gain would be too low. Besides, in order to retain the 
flat top of the pulse, this circuit would need a high-value 
blocking capacitor. 

To prevent reflections from the end of the cable, its output 
is terminated in a resistance R,,, equal to its wave impedance 





Fig. 15.30. Graphic calcula- Fig. 15.31. Cathode-coupled final stage of a 
tion of the final stage video amplifier 
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p, (Fig. 15.31). The incremental cathode current in this circuit 
is found from the maximum output voltage and R+: 


Al, max V nax! Rre = V nax!Pr 


The bias voltage and the signal voltage, Vin» are found from 
the cathode-grid characteristic, which is the overall anode and 
screen-grid characteristic i 


i, =igtig =F (e,) 
The bias voltage is chosen such that the power dissipation in 
the quiescent state will not exceed the safe value 


Po=T Eo < Pa safe 
where 


Pa safe 


Tg = F (Eg) < -E 


A graphical method for determining the bias voltage is shown 
in the plot of Fig. 15.32. The quiescent cathode current is laid 
off as ordinate (segment OA’). From point A’, a perpendicular 
is raised until it intersects the cathode-grid curve at point A. 
From point A, a perpendicular is dropped onto the axis of 
abscissas at point A”. The requisite bias voltage will be repre- 
sented by the segment A”O. Now segment A'B’, representing 
the requisite incremental current, Al, max: iS laid off along the 
cathode-current axis from point A’, and a perpendicular is 
erected from point B’ until it cuts the curve at point B. Now 
a perpendicular is dropped from point B onto the grid-voltage 





Fig. 15.82. Graphic calculation of input voltage for a cathode follower 
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axis so that it cuts the curve at point B”. Segment A”B” will 
represent the requisite incremental grid voltage, AV,. 
The self-bias resistor R,, is found by the equation 


R, — le! 
kı Iko 


Before finding the input-signal voltage, it is necessary to 
determine the maximum voltage across the cathode load 


Vy max R,Al, max (Rex T Rpa) Al, max 


The incremental cathode current, AJ, max» necessary to gene- 
rate this voltage, is due to the application to the grid of a 
voltage AV, equal to the difference between the input voltage 
and the voltage drop V, max: 


A V T Vin —V, max 





Hence, 
Vin =AV,+ Viant 
Vin can also be found graphically by laying off segment B”D, 
representing V; max» from point B”, Segment A”D will represent 
the sought input voltage. 


SUMMARY 


1. A video amplifier is a broad-band amplifier intended to 
amplify pulses of various duration and within a large range of 
frequencies. 

2. Amplification over a large range of frequencies can only be 
provided by an RC-coupled circuit. 

3. The bandwidth of an RC-coupled amplifier can be broade- 
ned by reducing the anode load resistance and by use of fre- 
quency compensation. 

4. In the high-frequency range the best method of compen- 
sation is to place coils in the anode and load circuits of the 
valve. These coils both improve the frequency response and 
increase the stage gain. 

5. High-frequency compensation with an RC network connec- 
ted into the load or cathode circuit of the valve decreases the total 
stage gain. 

6. Low-frequency compensation is provided by a decoupling 
filter connected in the anode circuit. 

7. Simultaneous low- and high-frequency compensation can be 
obtained by use of negative feedback. 
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8. The final stage of a video amplifier is intended to ensure 
normal operation of the cathode-ray tube. 

9. The final stage may be connected to the CRT electrodes 
either directly or by cable. 

10. When the final stage and the tube are located separately 
from each other, a cathode follower must be connected between 
them. 

11. The cathode follower is used to maintain the polarity of 
the signal and to match the output stage to a cable transmis- 
sion line of low input impedance. 

12. The final stage uses a d.c. restorer, an electronic circuit 
which re-inserts the d.c. component of the signal lost during 
amplification. 


m Problems 


15.1. Determine the pulse rise time ¢, in a stage with 
R,=2,500 ohms, and C,=40 picofarads. 

Answer: t, =0.23 psecond. 

15.2. Pulse duration t=100 psec; R,= 250 kilohms; C,= 
—400 picofarads; V, = 100 volts. 

Find the droop of the pulse top. 

Answer: AV, =9.5 volts. 

15.3. From the data of Problem 15.2 find the capacitance of 
C, that will limit the droop to 5 volts. 

Answer: C,= 8,000 picofarads. 

15.4. An amplifier has a bandwidth of 2 megahertz. The limit 
of frequency distortion is M= 1.05. The distributed capacitance 
C,=30 picofarads. Determine the anode load resistance R; and 
inductance of the compensating coil L. 

Answer: R,= 2,400 ohms, L=72 microhenrys. 

15.5. Calculate the parameters of a stage employing modified 
shunt inductive frequency compensation and a 6)K9II valve. 
Pulse duration t=2 psec; distributed capacitance C,= 25 pico- 
farads; grid-leak resistance of the following stage R,= 200 ki- 
lohms; droop 6,=0.05. 

Answer: R,=7 kilohms,; L= 180 microhenrys; L,=880 mic- 
rohenrys; R,,=14 kilohms; C,=200 picofarads. 

15.6. Find the gain of a cathode follower using a 6I13C valve 
and loaded into a cable with a characteristic impedance of 
100 ohms. 

Answer: K = 0.375. 
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CHAPTER XVI 


FUNDAMENTALS OF PRACTICAL DESIGN 
OF PULSED-RADAR RECEIVERS 
IN THE SHF BAND 


eee 


97. General 


The design of pulsed-radar receivers for the SHF band is more 
complicated than that of radio receivers operating on long, me- 
dium and short waves. To begin with, they call for a broad 
bandwidth, running into many megahertz and a very high sen- 
sitivity of the order of 107° to 10-” milliwatt. , 

This sensitivity, which is comparable with internal (receiver) 
noise, coupled with a broad bandwidth, is obtained by use of 
low-noise circuits in the early stages of the receiver and mul- 
tistage intermediate-frequency amplifiers. Besides, radar receivers 
incorporate many auxiliary circuits, such as AFC, different kinds 
of gain control, ete. All this complicates the circuitry and de- 
sign of the receiver. 

The design of a radar receiver consists of preliminary and 
final calculations. During the preliminary stage the functional 
units of the receiver are selected and data necessary for the cal- 
culation of the individual circuits and stages are clarified. 

The design of radar receivers is carried out according to spe- 
cifications which stipulate the following: 

1. Application of the receiver. 

. Wavelength 4 or frequency f. 

. Pulse duration, Tp. 

- Pulse repetition frequency, F. 

. Pulse rise time, ¢,. 

. Signal-to-noise power ratio, a,. 

Indicator type (the specificatons must show whether the 
indicator and receiver are to be separated from each other). 

8. Receiver output voltage, Vps 

9. Control requirements. 


NO OB O bo 
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98. Preliminary Calculations 


Break-down of Pulse Rise Time among the Receiver Units. 
The bandwidth of a radar receiver is wholly decided by the 
pulse tise time ¢,.. Whether the specification can be met witha 
minimum number of stages depends to a great measure on the 
correct break-down of rise time among the receiver units. 

Using the notation: 

t,» =pulse rise time in the video amplifier 

t, 4 =pulse rise time in the detector 

t,,s= pulse rise time in the r.f. section, the total pulse rise 
time t, in the receiver may be defined as 


t, =V B+ Bat Gn (16.1) 
The values of ¢,, and ¢t,,, ¢t,q and ¢,,, are related as 
tro w 0.4; 4 0.3 
ty rf i t; rf 
After substitutions, we obtain 


t, = 0.98, 
t, a = 0.27t, (16.2) 
t.o = 0.36, . 


The relations thus obtained are the basis for the selection of func- 
tional units for the video and r.f. sections. 

Choice of Functional Units for the R.F. Section. The functional 
set-up of the r.f. section in a radar receiver depends only on the 
frequency at which the radar is to operate. The number of sta- 
ges in one unit or another and their circuit configuration are 
decided by a series of factors which must be determined in the 
process of design. An SHF receiver has no r.f. amplifier, and 
includes only a frequency changer and i.f. amplifier (see 
Fig. 14.2). We shall leave out the use of a travelling-wave tube 
for r.f. amplification in the SHF band. 

To finalize the choice of functional units, the following fac- 
tors should be determined: 

(1) bandwidth of the whole receiver; 

(2) minimum bandwidths of the individual units and circuits 
of the receiver; 

(3) receiver sensitivity; 

(4) the gain of the r.f. section and break-down of the gain 
among receiver units; 

(5) the intermediate frequency. 
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Determining the Receiver Bandwidth. The bandwidth of a 
receiver depends upon the expected use and performance of the 
radar equipment. In cases where the distance of radar operation 
is of prime importance and the ranging accuracy is not critical, 
the bandwidth of the receiver may be taken as 


2AF = 1 oLa 


The ranging accuracy depends upon the steepness of the lead- 
ing edge of the pulse, which is in turn determined by the rise 
time ¢, stipulated in the specifications. Therefore, if high rang- 
ing accuracy is essential, the bandwidth is chosen to be much 
wider than the optimum one 


, 0.75 


The obtained bandwidth 2AF’ should be increased by Af, to 
provide for possible variations in the frequency of the transmit- 
ter and the local oscillator 


2AF, = 2 (AF; + Af,) (16.4) 


For receivers without AFC, Af, should be learned from an 
authority in radar design. For receivers with AFC, Af,, repre- 
senting the AFC error, may be taken equal to 0.2 to 0.4 me- 
gahertz. 

Determining the Minimum Bandwidth of the Individual Units 
and Circuits of the Receiver. In the SHF range, the bandwidth 
of the receiver and of its circuits are usually determined for the 
same value of frequency distortion, M =0.7. With this method, 
each circuit in the receiver has a bandwidth necessarily wider 
than the total receiver bandwidth 2AF,. To establish the rela- 
tion between the bandwidth of the whole system and those of 
its elementary circuits we shall use the following approximate 
equality: 


t= Vta +B... +e, (16.5) 
If the individual units and the receiver as a whole have single- 
humped resonance curves, then 


0.75 | _ 0.75. 
rl 2AF,? “#2? > DAF,? 


_ 0.75 
ra 2AF , 


0.75 


lrs = AF,” si 


„t 
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After substitutions, we obtain 
1 1 l 1o 
QAFE (2AF,)? + GAF t.e HOARY 
Hence, the total bandwidth of the system is 


2AF = 714 (any a 2 DAF, \2 
1 1 1 
|! 1+ (SaF) +(557) ++ (Fae | 
For a special case, where all n circuits have the same band- 
width 


(16.6) 





2AF, =2AF,=...=2AF, 

we obtain | 
2AF, 
Vn 

In receiver design, it is usually necessary to find the band- 
width of the elementary circuits from the specified overall 
bandwidth of the receiver, 2AF,. An “elementary circuit of the 
receiver” may be a valve loaded into a tuned circuit, the aerial- 
input circuit of the receiver, the coupling network of the i.f. 
amplifier, or a TR-switch. In preliminary design, the number 
of elementary circuits, n, may be assumed to be from 6 to 12. 
Then the bandwidth of a single elementary circuit will be 


QAF, = (2.5 to 3.5) 2AF, (16.8) 


In preliminary calculations it is necessary to determine the 
bandwidths of the receiver circuits that will be subsequently 
calculated separately. 

For the SHF range, the following bandwidths should be 
determined: for the TR switch, if. amplifier coupling network, 
and main i.f. amplifier (the effect of the mixer upon the band- 
width is usually neglected). 

The bandwidth of the TR switch is given by 


2AF w= GER (16.9) 


2AF = (16.7) 


where f, is the signal frequency, and Qw is the figure-of-merit 
of the switch circuit which can be taken from Table 14.4. 

The bandwidth of the i.f. amplifier coupling network is deter- 
mined from Eq. (16.8 


QMF in ig = 3X 2AF, (16.10) 
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After this, the overall bandwidth of the switch and i.f. ampli- 
fier coupling network, 2AF pw in ir is found from Eq. (16.6), with 
the subscripts properly changed 


QF op 
fo QA F sw i 
V + (car tf 


Changing the subscripts in (16.6) gives 


2MF sy nif > 





(16.11) 


2AF say inif 


in Gay 


2AF, = 





and the bandwidth of the i.f. amplifier 


ee 
_(24F,)? (2AF sy tn if)? 


PAN i Z (2AF sw in iR? — (2AF,)? 


(16.12) 

Choice of the Intermediate Frequency. When choosing the 
value of f;, one should be guided by the following basic consi- 
derations: 

1. If the intermediate frequency is to be reliably filtered out 
past the video detector, the upper modulating frequency Fa 
should be one-fifth to one-tenth of the intermediate frequency, 
so that F,=AF,. 

2. For better reproduction of the pulse envelope, the period 
of the intermediate frequency should be 0.05 to 0.1 of pulse 
duration +. 

3. A low intermediate frequency secures better stability, 
reduces the effect of valve replacement, and lowers the noise 
factor. At the same time, it calls for a more sophisticated AFC 
system. 

4. To standardize the units, the intermediate frequency is 
usually taken to be 30 or 60 megahertz. 

Determining Receiver Sensitivity. As established in Sec. 69, 
the effective sensitivity P,o, Of radar receivers depends on the 
signal power developed in the aerial: 


Ps ap =PTNAfeey 


In preliminary calculation, the noise factor N may be taken 
equal to 17 decibels for a wavelength of 3 centimetres and 15 
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decibels for 10 centimetres. The noise bandwidth Af of the re- 
ceiver is assumed to be equal to the receiver bandwidth, 2AF,. 
If the value of N is expressed numerically, and the bandwidth 
Af is in megacycles, and if we note that the product kT equals 
4x107" watts/megahertz, then P,,, will be in watts. 

Determining the Necessary Gain of the R.F. Section. In the 
SHF range, the signal is fed from the aerial to the detector 
over two different paths. One is from the aerial to the i.f. 
amplifier coupling network, and the other from the i.f. ampli- 
fier coupling network to the detector. In the former, the trans- 
mission of the signal is more conveniently characterized by the 
power transfer ratio. In the latter, this is best done in terms 
of the voltage transfer ratio. 

To begin with, it is necessary to determine the power trans- 
fer ratio of the first path comprising the coaxial or waveguide 
transmission line, TR switch and crystal mixer. If we denote 
respectively the power transfer ratios of these components as 
Kpr Kpop and Kpm the total transfer ratio of the path will be 


K,= K pK ppK pm 
The values of K,, and Kpm may be taken from Tables 14.4 and 
14.5. We shall assume that the transfer ratio of the transmission 
line is K p= 9.9. The signal power at the input of the i.f. 
amplifier is 

Pinig= Ps etKp 
Noting that for a matched load 


y2 
P =R 


the signal voltage at the i.f. preamplifier will be 


Vp i= 2V Ps epK pR (16.13) 


where R is input resistance of the i.f. amplifier coupling net- 
work. When the i.f. amplifier is perfectly matched to the fre- 
quency changer, R is equal to the output resistance of the 
changer R;; at the intermediate frequency. R; may be found 
in Table 14.4. The coupling network of the i.f. amplifier may 
be a double-tuned transformer in which the coupling between 
the primary and secondary is chosen to comply with the mat- 
ching criterion just stated. 

To determine the signal voltage to be applied to the grid of 
the first valve in the i.f. amplifier, Vin» it is necessary to find 
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the transformation ratio of the coupling network. Using the same 
notation as in Sec. 86, the transformation ratio is 


V 
m= Vi 
Noting that V,=V,, ;, and V.=Vinv» we obtain 
Vin if 
an Vint 


The signal voltage to be applied to the grid of the first 
valve is 
Vin if 

m 





Vim "e 


If the coupling network of the i.f. amplifier is to secure both 
a perfect match and a minimum noise factor in the i.f. ampli- 
fier, the transformation ratio m should be such as given by 
Eq. (14.44). Then 


G; 
Vim = V aie if (16.14) 


The method for determining G;, and G;, is explained in 
Sec. 86; the value of Gkzopt is determined from Eq. (14.43). 
Deterniine the necessary voltage gain up to the detector input: 





, Vi 
=; 16.15 
Kir Vin is ( ) 
Vin at the detector input should be one or two volts. 
With a gain margin of 2 or 3, we finally obtain 


K;,=(2 to 3) Ki, (16.16) 


Choice of Functional Units for the Receiver Video Section. When 
we say “the video section of a radar receiver”, we mean the 
Stages following the i.f. amplifier, namely the video detector, 
limiting amplifier, and video amplifier. 

The output indicator of a radar receiver is usually a cathode- 
ray tube with intensity modulation or deflection of the beam 
The voltage -applied to the CRT is stated in the Specifications. 
The indicator and video amplifier may be either combined in 
a single unit, or may be separate. In the latter case, the indi- 
cator is connected to the video amplifier by an r.f. cable, and 
the output stage of the amplifier is a cathode follower. 
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The video detector in a radar receiver is generally a diode 
detector. 

The functional set-up for the video section is chosen from 
considerations of the desired gain. Since the input voltage of 
the video detector is always known (V;,=1 or 2 volts) and the 
transfer ratio of the detector may be assumed to be Ky&0.0, 
the detector output voltage corresponding to the actual sensiti- 
vity of the receiver can be determined as follows: 


Va ont =KaVin (16.17) 


where Vin and Va one are the peak voltage values. 

Since the signal at the receiver input can possibly exceed the 
receiver sensitivity, the input voltage to the limiting amplifier, 
V, can be determined as advised in Sec. 90. 

For a CRT with intensity modulation 


Vi, =v, out 
For a CRT with a beam deflection 
V,=(2 to 5) Va out 


Now determine the necessary gain of the video section 


Ko = tmas (16.18) 


0 


The value of K,, as obtained from Eq. (16.18), usually exceecs 
the gain offered by a single stage. Therefore, several, usually 
three, stages are used between the video detector and indicator. 
When a remote indicator is used, a cathode follower is incor- 
porated in the final stage. The transfer ratio of the follower 
may be taken equal to 0.8. 

The circuit configuration of the video detector and the polarity 
of the voltage at its output depend upon the way the CRT is 
controlled. The necessary gain of the video section usually 
does not exceed 80 to 100. Therefore each stage should have 
a gain of nearly ten, which fact helps to obtain the required 
bandwidth or the required rise time of the video pulse. If the 
video amplifier consists of two stages, the video pulse rise time 
per stage is given by 


try=V Bat os (16.19) 





DESIGN OF PULSED-RADAR RECEIVERS 489 
HD 


99. Final Calculations 


The starting point for final calculations is provided by the 
specification and the preliminary calculations. 

Since the method for the calculation of the basic circuits of 
a radar receiver has been presented in Chapter XIV, we shall 
only give recommendations as to the order of final calculations 
and some additional notes. 

The final calculations cover: 

I. The noise factor of the i.f. amplifier. 

2. The i.f. amplifier coupling network. 

3. The i.f. amplifier. 

4. The overall frequency response of the receiver which 
involves knowledge of the frequency responses of the TR switch, 
i.f. amplifier coupling network, and i.f. amplifier. 

The frequency response of the TR switch is found from Eq. (5.4), 
which holds for a single resonant circuit. The Q of the TR switch 
is found from Table 14.5, according to the selected type of 
switch. 

The frequency response of the double-tuned coupling network 
can be found from the equation 


1 


Yam 
V 1444 


where 


2Af Qef Qep 
fo Qent Rer 





x 


The frequency response of the i.f. amplifier is plotted on the 
basis of bandwidth ratios (relative bandwidth) Kaoa and K 
and the bandwidth 2AF;;, obtained by calculation. 

The frequency responses should be plotted on a common graph. 
The overall frequency response of the receiver is then obtained 
by multiplying the ordinates of each curve for the same amount, 
Af, from resonance. 

5. The video detector. 

6. The video amplifier. 

7. The basic characteristics of the receiver: 

(a) receiver noise, using Eq. (14.38); 

(b) the bandwidth between the 8-db points on the overal) 
frequency response curve; 


40db 
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(c) effective sensitivity, using Eq. (14.6) and the noise factor 
and bandwidth of the receiver in (a) and (b) above. 
8. A complete circuit diagram of the radar receiver. 


100. Practical SHF Radar Receiver 


Figures 16.1 and 16.2 show circuit diagrams of an SHF re- 
ceiver made up of the stages discussed in the preceding sections. 
The receiver uses a twin mixer, a separate AFC section, and 
an [AGC circuit. 

Figure 16.1 shows the twin mixer, the i.f. preamplifier of 
the receiver, and the separate automatic frequency control (AFC) 
section. The main i.f. amplifier, video detector, video amplifier 
and the IAGC are shown in Fig. 16.2. 

The twin mixer is made up of two crystal mixers located in 
a common waveguide cavity. The aerial signal is fed to the 
receiver mixer through the TR switch J, while the signal from 
the magnetron is applied to the AFC mixer via an attenuator 2. 
The twin mixer is coupled to a common local oscillator through 


a jack 3. The local oscillator is a mechanically tuned klystron. 

The i.f. signals from the mixers are fed over r.f. cables to 
the i.f. preamplifier of the receiver and to the AFC mixer. 
The i.f. preamplifier consists of a coupling network and three 
amplifying stages. The coupling network is a double-tuned 
transformer. To decrease the undesirable capacitive coupling 
between the coils, the primary is split up into two sections, Li 
and L,. Of these two sections, only L, is inductively coupled 
to the secondary L,. The capacitance of the primary is that of 
the wiring, and the capacitance of the secondary is the input 
capacitance of the valve. 

The first two stages of the i.f. preamplifier (V, and V,) make 
up a cascode circuit ensuring a low noise level at the input of 
the receiver. In the first stage the cathode is earthed and 
series feed is used; in the second stage, the grid is earthed 
and the stage uses parallel feed. The tuned-circuit inductances 
are L, and L,. L, serves to neutralize Cag Of Vi. 

The intermediate-frequency signal from the i.f. preamplifier 
is conveyed to the main i.f. amplifier by a stage, V, using 
a coaxial transmission line K,. 

The i.f. amplifier consists of a coupling network and five 
single-tuned stages using pentodes V,-V,. The i.f. signal is 
applied to the tuned circuit formed by L, and the input capa- 





Âz LP amplifier 
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Fig. 16.1. Twin mixer, i.f. preamplifier and AFC channel 
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16.2. Main i.f. amplifier, 1AGC, video detector, and video amplifier 
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citance of valve V, over the coaxial cable K, and through 
a coupling capacitor C,. R, at the input of the i.f. amplifier 
serves to match this amplifier to the coaxial line. 

All five stages of the i.f. amplifier employ parallel feed, 
have their tuned circuits connected in the grid leads, and are 
of similar type. The chokes Ch, connected in paralle] with 
the anode resistor R,, of each stage minimize the d.c. voltage 
drop across these resistors. To broaden the bandwidth, the tuned 
circuit of the last stage is shunted by R,,. 

Manual gain control in the receiver is effected in the first 
two i.f. stages with a potentiometer R,,, from which an adjust- 
able negative bias may be applied to the control grids of 
valves V, and V,, through the decoupling filters R,C,. 

The video detector D, uses a semiconductor diode and is 
arranged into the usual circuit described in Sec. 88. 

The video amplifier consists of a pentode stage (valve V,) 
and a final stage, V,,, which is a cathode follower. The crystal 
diode D, connected in the grid circuit of the final stage operates 
as a d.c. restorer. 

The video signals taken from the load resistor Rs of the 
cathode follower are fed over an r.f. cable to the indicator of 
the radar station. 

The IAGC circuit consists of three similar stages, V,, through V,,, 
using double triodes. Each IAGC stage automatically controls 
the gain of one i.f. stage (V,-V,). The right-hand triode of each 
valve is used as a diode detector with a negative output voltage. 
The left-hand triode works as a cathode follower. The negative 
voltage taken from the cathode loads R is fed via contact / 
of switches S,, S, and S, to the grids of the corresponding 
valves. In position 2, the IAGC circuit is disabled. 

The AFC section contains a coupling circuit, an AFC ampli- 
fier, a discriminator, and control circuit. The coupling circuit 
of the AFC section does not differ in any respect from that 
of the receiver section. 

The i.f. amplifier of the AFC section employs a pentode; 
from its anode load the i.f. voltage is applied to the stagger- 
tuned discriminator. The non-linear elements used in the discri- 
minator are crystal diodes D, and D,. 

The control circuit includes an amplifier V,, intended to amp- 
lify the discriminator signal and a sawtooth Sweeping system 
consisting of a crystal diode D, and a pentode V,,, connected 
in a phantastron circuit. The sawtooth voltage from the anode 
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of the phantastron is fed to the repeller electrode of the 
klystron V,, and controls its frequency. 

The receiver is powered by two rectifiers. One develops po- 
sitive voltages (150, 160, 280, and 300 volts); the other one 
negative voltages (— 105 and — 255 volts). 

The positive voltages go to the anode and screen-grid circuits 
of the various stages. —255 volts is applied to the repeller 
electrode of the klystron V,,, through a divider Ras, by means 
of which the local oscillator can be tuned. 


INDEX 


A.c. load line, 32 
Adjacent-channel interference, 265 
Adjacent-channel rejection, 178 
Adjacent-channel, selectivity, 267 
Aerial, as a noise source, 343 
Aerial, ferrite rod, 143 
Aerial, loopstick, 143 
Aerial-coupling circuit, 143 
Aerial-input circuit, 143 
analysis, 144 
bandwidth, 148, 152 
calculation, 155-59 
capacitatively coupled, 145 
coupling, 154 
equivalent circuit, 146, 149 
ferrite-rod aerial, 153 
inductively coupled, 149 
loopstick aerial, 153 
selectivity, 148, 152 
VHF-UHF, 364 
resonant-line, 369 
tapped-coil-coupled, 36 
transformer-coupled, 366 
voltage gain, 146, 147, 150 
A.f. amplifier, 18 
AFC, radar, 427 
swept, 429 
AFC circuit, 321 
Alpha cut-off frequency, 107, 190 
Amplification factor beta, 116 
Amplifier, a.f. (see Audio-frequency 
amplifier) 
cascade, 36 
classification of types, 37 
distributed, 459 
earthed-anode, 37 
earthed-cathode, 37 
i.f., 17, 178 
induced-emission, 389 
LC-coupled (see LC-coupled amp- 
lifier) 
microwave, 370 
cascade, 379 
earthed-grid, 374-75 
parametric, 383 
travelling-wave-valve, 381 
multi-stage, 36 
power, 36 
RC-coupled (see RC-coupled amp- 
lifier) 
r.f. (see R.f. amplifier) 
split-load, 37 


transformer-coupled (see Transfor- 
mer-coupled amplifier) 
transistor (see Transistor amplifier) 
transmission-line, 458 
video (see Video amplifier) 
voltage, 36 
Amplifier design, 36 
Amplifier operation, Class A, 63 
Class AB, 63 
Class B, 63 
Amplifier stage analysis, 18 
analytical, 18 
graphical, 18 
Amplifier valve, input impedance, 179 
Amplitude modulation, 11 
Amplitude spectrum, video pulse, 347 
Analysis, amplifier stage, 18 
power amplifier stage, 72 
receiver circuits, 18-23 
single-ended power amplifier, 64 
transistor amplifier, 108 
Angle, conduction, 213 
cut-off, 63 
operating, 63, 213 
Anode characteristic, slope of, 32 
Anode current efficiency, 67, 92 
Atmospherics, 284 
Audio-frequency amplifier, 24 et seq. 
block-diagram 24 
distortion, 29 
dynamic power range, 29 
efficiency, 29 
feedback in, 96 
frequency distortion, 33 
frequency response, 34 
h.f. gain, 34 
l.f. gain, 34 
main-characteristics, 27 
mid-band gain, 34 
operating principle, 25 
power gain, 28 
power output, 28 
phase distortion, 35 
stage gain, 27 
Audio-frequency amplifier (continued) 
transistor, 26 
voltage gain, 27 
Automatic frequency control, 321 
Automatic gain control, 313 
amplified, 313 
delayed, 313, 314-16 
normal, 313 
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radar, 425, 427 
simple, 313 


Band-pass amplifier, 174-78 
calculation, 199-203 
coupled-in resistance, 175 
equivalent circuits, 174, 175 
reflected resistance, 175 
selectivity, 177 
stage gain, 174 

at resonance, 174 

Band-pass filter, 174 
resonant transfer function, 176 

Band-pass transistor amplifier, 194 
frequency response, 194 
gain, 194 
r.f., 189 

Bandwidth, a.f. amplifier, 28 
FM amplifier, 298 
receiver, r.f., 12 
relative, 13 
single tuned circuit, 15 
transformer-coupled amplifier, 59 

Bandwidth control, 319 

Bandwidth ratio, 13 

Barrier capacitance, transistor, 107-08 

Beat frequencies, 230 

Beta current gain, 116 

Beta cut-off frequency, 122 

Birdies, 267 

Bonding, 285 

Broadcast receivers, 10 


Capacitor diode, 385 

Carrier, modulated, 9 

Carrier-frequency spacing, 13 

Carrier wave, 9 

Cascade amplifier, 36 

Cathode follower, 37, 470 

Cavity resonator, 363 

Characteristic, a.f. amplifier, 27, 32 
radio receiver, 11 

Circuit conversion, parallel to series, 25 
series to parallel, 25 

Circulator, 386 

Clamping circuits, 439 

Closed-loop gain, 97 

Clutter, 426 

Coherent local oscillator, radar, 353 

Coherent radiation, 392 

Colpitts oscillator, 231 

Communication receivers, 10 


Conductance, conversion, 254 
Conduction angle, 213 
Conversion conductance, 254 
Conversion gain, 253 
Coupling, optimum, 171 
Coupling parameter, 171 
Coupling transformer, efficiency, 71 
Critical coupling, 177 
Critical mutual inductance, 240 
Current amplification factor alpha, 107 
Current gain, transistor amplifier, 108, 
110, 112 
common-base, 114 
common-collector, 118 
Cut-off angle, 63 
Cut-off frequency, 460 


D.c. restoration, 439, 472 
Design, amplifier, 36 
beam-tetrode power amplifier, 81 
pentode power amplifier, 8l 
push-pull amplifier, 93 
RC-coupled amplifier, 49 
triode-power amplifier, 72 
Detection, 207 
anode-bend, 207, 228 
diode, 207, 220 
grid, 207 
grid-leak, 231 
infinite-impedance, 230 
linear, 212 
square-law, 211-12 
Detector, 18, 207 
anode-bend, 228 
calculation, 229 
input resistance, 229 
voltage gain, 229 
design equations, 216 
diode, 220 
analysis, 224 
equivalent circuits, 220, 223 
non-linear distortion, 221 
parallel, 220 
practical calculation, 222, 225- 
28 
series, 220 
electrical properties, 209 
frequency distortion, 210 
grid-leak, 231 
infinite-impedance, 230 
equivalent circuit, 231 
input resistance, 210 
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linear, 212-13, 215, 219, 246 
practical types, 211 
r.f. filtering, 211 
video, 420 
„voltage gain, 210 
Detector characteristic, 209 
Detector linearity, 210 
Diffusion capacitance, transistor, 108 
Diode detection, 207 
Discriminator, 301 
centre-tuned, 301 
Foster-Seeley, 301 
ratio-detector, 301 
Discriminator circuit, in AFC, 325 
Distortion, a.f. amplifier, 29 
frequency, 14 
non-linear, 14 
phase, 14 
signal, 13 
Distortion factor, 14 
Distributed amplifier, 459 
Doppler-shift frequency, 350 
Double-frequency conversion, 270 
Double-grid injection, 251, 255-57 
Duplexer, 344 
Dynamic load line, 32, 41 
Dynamic power range, a.f. amplifier, 29 
Dynamic transfer characteristic, po- 
wer amplifier, 66 


Efficiency, a.f. amplifier, 29 
anode current, 92 
coupling transformer, 71 
power amplifier, 67 
Electron-ray tube, 317 
Electron transit time, 354, 356 
Energy level, 390 
Equivalent, Norton, 22 
Thévenin, 21 
Equivalent circuit, current-generator, 22 
voltage-generator, 21 
E-wave, 403 


Feedback, 236 
a.f. amplifier, 96 
bridge, 96 
current, 96 
negative, 96 
parallel, 97 
parasitic, 183-88 
positive, 236 
series negative, 96 


shunt, 97 
transistor r.f. amplifier, 189 
voltage, 96 
Feedback control, 240 
in transistor receiver, 242 
variable-capacitance, 241 
variable mutual inductance, 24] 
variable resistance, 24] 
Feedback factor, 96, 98 
Feedback path gain, 96, 99 
Ferrite-rod aerial, 143 
Ferromagnetism, 393 
Fidelity, receiver, 13 
Final stage, equivalent circuit, 69, 
70, 78, 79 
frequency distortion, 69 
frequency response, 69 
midband gain, 69 
stage gain, 69 
video amplifier, 468 
calculation, 475 
FM amplifier, bandwidth, 298 
gain, 298 
FM superheterodyne receiver, 297 
Fourier series, 346 
Fourier theerem, 346 
Frequency, cut-off, 460 
intermediate, 250 
local-oscillator, 251 
quench, 243 
resonant, 57 
Frequency changer, 17, 250 
calculation, 277 
circuits, 258 
double-grid injection, 259-60 
heptode, 260 
SHF, 399, 408 
transistor, 263 
triode-heptode, 262 
VHF-UHF, 396-99 
Frequency-changer valves, 260 
Frequency compensation, power ampli- 
fier, 79, 80 
Frequency conversion, 17 
double, 270 
double-grid injection, 251, 255-57 
single-grid injection, 251, 252-55 
Frequency detection, 301 
Frequency detector, 301 
Frequency deviation, 295 
Frequency discriminator, 297 
Frequency distortion, 14 
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a.f. amplifier, 33 
detector, 210 
final stage, 69, 70, 71 
pentode power amplifier, 78 
RC-coupled amplifier, 45, 46, 47, 
transformer-coupled amplifier, 
57-8 
Frequency modulation, 11, 294 
compared with AM, 297 
Frequency response, a.f. amplifier, 34 
final stage, 69 
pentode power amplifier, 78 
power amplifier, 99 
transformer-coupled amplifier, 58 
triode power amplifier, 78 


Gain, closed-loop, 97 
conversion, 253 
feedback-path, 96, 99 
FM amplifier, 298 
loop, 98 
mixer, 253 
open-loop, 97 
stable, 184 
unit, 419 

Gain-bandwidth product, 463 

Gain control, manual, 309 

Ganged tuning, 271 


Hand capacitance, 162 
Heptode, typical characteristics, 256 
Heptode frequency changer, 260 
Heptode mixer, 261 
Heterodyne whistle, 266 
h-parameters, 20 
transistor amplifier, 109, 112 
common-base, 113-14 
common-emitter, 116 
H-wave, 402 
Hybrid junction, 406 
Hybrid parameters, 20 


Lf. amplifier, 17 
radar, 409 
double stagger-tuned, 409 
double-tuned, 410 
SHF, 412 
design, 417 
noise, 415 
synchronously tuned, 409 
triple stagger-tuned, 409 


I.f. rejector, 266 
Image-channel selectivity, 267 
Image interference, 265 
Image response, 270 
Induced currents, microwave valve, 358 
Induced emission, 392 
Induced-emission amplifier, 389 
Induced transition, 392 
Input impedance, amplifier valve, 179 
Input resistance, detector, 210 
transistor amplifier, 109, 110, 112 
common-base, 114 
common-collector, 118 
valve, microwave, 357, 360 
Interference, adjacent-channel, 265 
image, 265 
i.f., 265 
second-channel, 265 
Intermediate frequency, 17, 250 
choice, 269 
Intermediate-frequency 
265 
Inverted population, 392 


interference, 


Junction capacitance, transistor, 


107-08 
Klystron, 341 


LC-coupled amplifier, 37 
Leakage factor, 55 
Leakage inductance, 55 
Limiter, 296, 299 
anode current cut-off, 300 
clipper, 299 
grid-leak, 299 
Limiter stage, 436 
Limiter waveforms, 437 
Limiting, 296 
Linearity, detector, 210 
Load line, dynamic, 41 
Local oscillator, calculation, 277 
SHF, 403 
Local-oscillator frequency, 25] 
Local-oscillator valve, 251 
Loop gain, 98 
Loopstick aerial, 143 
Loudness control, 311 
Low-frequency gain, a.f. amplifier, 34 


Magic eye, 317 
Magic-tee, 406 
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Manual gain control, 309 
Masers, 389 
gas, 393 
paramagnetic, 395 
solid-state, 393 
three-level paramagnetic, 395 
Maximum power transfer theorem, 66 
Maxwell-Boltzmann statistics, 391 
Microwave amplifier, cascade, 379 
earthed-grid, 374-75 
interstage coupling, 371 
parametric, 383 
travelling-wave-valve, 38] 
Microwave valves, 354 
disc-seal, 361, 397 
energy-storage elements in, 354 
input resistance, 357, 360 
lead inductance, 354 
lighthouse, 361, 397 
Mid-band gain, 99 
a.f. amplifier, 34 
final stage, 69 
Mixer, calculation, 279 
circuits, 258 
double-grid injection, 259-60 
heptode, 261 
selectivity, 255 
SHF, 401-06 
balanced, 406 
coaxial crystal, 401, 404 
crystal, double-cavity, 405 
crystal, single-cavity, 402, 404 
waveguide, 403 
single-grid injection, 259 
transistor, 263 
VHF-UHF, 396-99 
Mode, transverse electric, 402 
transverse electromagnetic, 402 
transverse magnetic, 402 
Modulated carrier, 9 
Modulating signal, 9 
Modulation, 9 
amplitude, 11 
frequency, 11, 294 
Moving target indicator, 352 
Multi-stage amplifier, 36 
Multi-stage transistor 
120-30 
interstage coupling, 120 
RC-coupled, 120-24 
design, 124-27 
parameters, 12-124 


amplifier, 


Stabilisation, 12] 
transformer-coupled, 127-30 
equivalent circuits, 128-29 
Mutual inductance, critical, 240 


Neutralisation, 197 
Noise, circuit, 287 
equivalent circuit, 283 
impulse, 283 
internal, 287 
Johnson, 287 
man-made, 286 
partition, 289 
receiver, 287 
shot, 289 
thermal, 287 
transistor, 290 
valve, 289 
white, 283 
Noise current, 244 
Noise factor, 291 
SHF radar i.f. amplifier, 415 
Noise figure, 291 
Noise voltage, 244 
Non-linear distortion, 14 
a.f. amplifier, 30 
power amplifier, pentode, 78, 79 
power amplifier, triode, 99 
RC-coupled amplifier, 47 
Norton equivalent, 22 


Open-circuit impedance parameters, 19 

Open-loop gain, 97 

Operating angle, 63, 213 

Optimum coupling, 171 

Output resistance, transistor amplifier, 
109, 111, 112, 118 

Output voltage, receiver, 11 

Overshoot, 433, 434 


Padder, 261, 274 
Paramagnetic materials, 393 
Parameters, conversion of, 20 


open-circuit impedance, 19 
Short-circuit admittance, 19-20 
y-, 19-20 
z-, 19 
Parametric amplification, 384 
Parametric amplifier, 383 
double-tuned, 387 
down-converter, 387 
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idler circuit, 387 
idler frequency, 387 
pump, 385 
pump frequency, 385 
single-tuned, 386 
up-converter, 387 
Parametric oscillator, 385 
Parametric regeneration, 385 
Path of operation, 41 
Phase distortion, 14 
a.f. amplifier, 35 
Phase inversion, 102 
Phase-inversion circuits, 102 
Phase inverter, 102, 103-04 
Phase response, 35 
RC-coupled amplifier, 45 
Photon, 390 
Population, 390 
Population inversion, 391, 394 
Power amplifier, 36, 61 
beam-tetrode, design, 81 
design procedure, 73 
dynamic transfer characteristic, 66 
efficiency, 67 
equivalent circuit, 65 
frequency compensation, 79, 80 
frequency response, 99 
load resistance, 64 
maximum power transier, 67 
non-linear distortion, 99 
pentode, design, 81 
frequency distortion, 78 
non-linear distortion, 78 
single-ended, 76 
practical circuits, 100-02 
push-pull (see Push-pull power 
amplifier) 
single-ended, 64, 130, 131 
analysis 64, 
transistor, 130-42 
triode, 72, 78 
Power gain, a.f. amplifier, 28 
in decibels, 119 
transistor amplifier, 109, 112, 114 


Power output, a.f. amplifier, 28 
receiver, 11 

Power sensitivity, 342 
available, 342 
effective, 342 

Pulse decay time, 433, 434 
droop, 433, 435 
fall time, 422, 433, 434 


rise time, 422, 433 
sag, 433, 435 
Pump energy, 394 
Pumping, 391 
Push-pull amplifier, advantages, 93 
classes of operation, 93 
design, 93 
disadvantages, 93 
input transformer, 102 
power, 89 


Quality factor, single-tuned circuit, 15 
Quantum, 390 

Quench frequency, 243 

Quenching voltage, 243 


Radar, 10 
coherent-pulse, 344 
CW, 344 
Doppler, 350 
FM, 350 
pulse, 344 
Radar receiver, 341-432 
automatic controls in, 425 


automatic frequency control, 
427 

automatic gain control, 425, 427 

coherent-pulse, 352 

CW, 350 
block-diagram, 35] 

design, 482-86 
choice of bandwidth, 483 
choice of circuit configuration, 

482 
choice of intermediate frequen- 
cy, 485 

pulse rise time break-down, 482 
ri. section gain, 486 
sensitivity determination, 485 

gain-time control, 426 

if. amplifier, 409 

pulsed, 345 

sensitivity-time control, 426 

SHF, design, 481 
practical, 490 

swept AFC, 429 

time-gain, 426 

tuned circuits, 362 

Radio broadcasting, 9 
Radio communication, 9 
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Radio interference, 283 
aperiodic, 283 
periodic, 283 
suppression of, 283 
Radio navigation, 10 
Radio receiver, characteristics, 11 
classes, 10 
controls, 10 
fidelity, 13 
selectivity, 11, 12 
sensitivity, 11 
superheterodyne (see Superhetero- 
dyne receiver) 
transistor, 312 
TRF, 15-16 
block-diagram, 15 
functional units, 15-16 
uses, 9 
Ratio detector, 301, 303 
RC-coupled amplifier, 37, 39 
design of, 49 
dynamig grid-anode characteristic, 
4 


dynamic transfer characteristic, 
-40 


frequency response, 47 
load line, 41 
non-linear distortion, 47 
no-signal operation, 40 
path of operation, 41 
phase response, 45 
stage gain, 42, 47, 48 
Regenerative reception, 236 
theory, 238-40 
Rejector, i. f., 266 
Relative bandwidth, 13 
Relative gain, 457 
Resonance curve, 12 
Resonant frequency, 57 
Return ratio, 98 
R.f. amplifier, 160-206 
band-pass (see Band-pass ampli- 
fier) 
calculation, 197-205 
filter, 160 
gain/frequency response, 160 
parallel-feed, 172-73 
parasitic feedback, 183-88 
selectivity, 161 
stability, 182, 183, 184, 187 
stable gain, 184 
stage gain, 611 


tapped-coil coupled, 169, 185 
transformer-coupled, 169, 185 
transistor (see Transistor ampli- 
fier) 
tuned, 160, 161 (see also Tuned 
amplifier) 
R.f. transformer, 174 


Second-channel interference, 265 
Selectivity, adjacent-channel, 267 
image-channel, 267 
mixer, 255 
receiver, 11, 12 
r.f. amplifier, 161 
superheterodyne receiver, 269 
Self-oscillation, conditions for, 98 
in amplifiers, 183 
Sensitivity, receiver, II 
Short-circuit admittance parameters, 
19-20 
Short-circuit gain, transistor, 107 
Side frequencies,, 11 
Signal distortion, 13 
Signal-to-noise power ratio, 342 
Single-grid injection, 252-52 
Slicer, 299 
Space communication, 9 
Spacing, carrier frequencies, 13 
Stability, r.f. amplifiers, 182-84, 187 
Stable gain, 184 
Stage gain, a.f. amplifier, 27 
band-pass amplifier, 176 
final stage, 69 
RC-coupled amplifier, 42, 48 
r.f. amplifier, 161 
transformer-coupled amplifier, 57 
tuned amplifier, 163, 171 
Stagger tuning, 150 
Staggered-tuned circuits, 301 
Statics, 284 
Storage capacitance, transistor, 108 
Strays, 284 
Superheterodyne receiver, 17, 250 
advantages, 250 
aerial-input circuit 
337 
a.f. section, 335 
block diagram, 17 
calculation, 328-40 
circuit configuration, 330 
FM, 297 
frequency distortion, 332 


calculation, 


502 


INDEX 


I i 


ganged tuning, 271 

number of bands, 330 

number of i.f. transformers, 333 
number of r.f. stages, 334 
number of r.f. tuned circuits, 330 
r.f. amplifier calculation, 337 

r.f. circuit calculation, 337 
selectivity, 269 


Superheterodyne reception, 250 
spurious responses, 265 
Superregenerative circuit, logarithmic 
operation, 247 
self-quenching, 243, 248 
separately quenched, 243 
Superregenerative hiss, 245 
Superregenerative reception, theory, 
242-49 


Tapped-coil arrangement, 170 
Tapped parallel tuned circuit, 170 
Tapping-down factor, 170 
Telecontrol, 10 ‘ 
Thermal noise current, 244 
Thermal noise voltage, 244 
Thévenin’s theorem, 21, 43, 44, 45, 

70, 146, 166, 174 
Tickler coil, 237 
Tracking, 261, 273 

perfect, 275 


Tracking error, 275 
Transformer, r.f., 174 
Transformer coupling, 43, 68 
Transformer-coupled amplifier, 37, 53 
‘bandwidth, 59 
equivalent circuit, 54, 56 
- frequency distortion, 57-8 
frequency response, 58 
stage gain, 57 
Transistor, 106-108 
alpha cut-off frequency, 107 
as compared with valve, 107 
barrier capacitance, 107-08 
characteristics, 108 
common-base configuration, 107 
current amplification factor alpha, 
107 
diffused, 106 
diffusion, 106 
diffusion capacitance, 108 
junction capacitance, 107-08 
junction type, 106 
point-contact type, 106 


short-circuit gain, 107 
storage capacitance, 108 
Transistor amplifier, analysis, 108 
band-pass, 194 
classification of types, 38 
common-base, 38, 113 
current gain, 114 
equivalent circuit, 113 
h-parameters, 113-14 
input resistance, 114 
power gain, 114 
voltage gain, 114 
common-collector, 38, 117 
current gain, 118 
equivalent circuit, 117 
input resistance, 118 
output resistance, 118 
power gain, 118 
voltage gain, 118 
common-emitter, 38, 115 
current gain, 116 
equivalent circuit, 115 
h-parameters, 116 
current gain, 108, 110, 112, 114 
equivalent circuits, 109, 111 
h-parameters, 109, 112 
input resistance, 109, 110, 112 
multi-stage, 119 
output resistance, 109, 111, 112 
parameters, 108-09 
power, 130-42 
power gain, 109, 112 
push-pull, 130, 132 
single-ended, 38 
split-load, 38 
stability, 195 
voltage gain, 108, 
y-parameters, 112 
z-parameters, 112 
Transistor frequency changers, 263 
Transistor mixers, 263 
Transistor receiver, manual gain cont- 
rol, 312 
Transistor r.f. amplifier, analysis, 189 
band-pass, 189 
calculation, 203-205 
design equations, 191 
feedback in, 189 
interstage coupling, 188-89 
stability, 189 
tuned (see Tuned 
amplifier) 


110-11, 112 


transistor 
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Transit time, electron, 354, 356 Video amplifier, 433 
Transition, 390 circuit configurations, 440 
Transition frequency, 390 design, 464 
Transm ission-line amplifier, 458 final stage, 468 
Trimmer, 274 calculation, 475 
Triode-heptode frequency changer, 262 frequency compensation, 447 
TR switch, 400 h.f., 447-56 
TR tube, 405 l.f., 457-58 
Tuned amplifier, 160, 161 RC-coupled, 440 
calculation, 197 equivalent circuit, 440 
equivalent circuit, 166 requirements for, 435 
shunt capacitance, 162 Video detector, 420 
single-stage, bandwidth, 167 push-pull, 422 
selectivity, 167 single-ended, 421 
tuned-anode, 161 calculation, 423 
stage gain, 163, 171 Video pulse, ampultude spectrum, 347 
Tuned circuit, distributed-constant, Voltage amplifier, 36 
363 Voltage gain, a.f. amplifier, 27 
lumped-constant, 362 detector, 210 
single, bandwidth, 16 transistor amplifier, 108, 110-11, 
staggered, 301 112 
Tuned transistor amplifier, 191 common-base, 114 
gain, 193 common-col lector, 118 
loaded Q-factor, 193 Voltage-generator equivalent, 43, 44, 
selectivity, 193 45 
Tuning, ganged, 271 Volume control, compensated, 310-11 


Tuning indicator, 317 
£ 2 Wave, carrier, 9 


Waveguide, 402 
Undershoot, 433, 434 . i 
Unilateralisation, 195 Whistle, heterodyne, 266 
Unit gain, 419 y-parameters, 19 

Varactor, be transistor amplifier, 113 
Varactor diode, 385 z-parameters, 19 


Velocity modulation, 383 transistor amplifier, 112 
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